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Abstract
Active interrogation systems for highly enriched uranium require improved fieldable
neutron sources. The target technology for deuterium-tritium neutron generators is
well understood and the most significant improvement can be achieved by improving
the deuterium ion source through increased output and, in some cases, lifetime of
the ion source. We are developing a new approach to a deuterium ion sources based
upon the field desorption/evaporation of deuterium from the surfaces of metal tips.
Electrostatic field desorption (EFD) desorbs previously adsorbed deuterium as
ions under the influence of high electric fields (several V/Å ), without removing tip
material. Single etched wire tip experiments have been performed and have shown
that this is difficult but can be achieved with molybdenum and tungsten tips.
Electrostatic field evaporation (EFE) evaporates ultra thin deuterated titanium
films as ions. It has been shown that several 10s of atomic layers can be removed
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within a few nanoseconds from etched tungsten tips. In the course of these studies titanium deposition and deuteration methods were studied and new detection
methods developed. Space charge effects resulting from the large ion currents were
identified to be the most likely cause of some unusual ion emission characteristics. In
addition, on W < 110 > oriented substrates a surprising body-centered cubic crystal
structure of the titanium film was found and studied.
The ion currents required for neutron generator applications can be achieved by
microfabrication of metal tip arrays. Field desorption studies of microfabricated field
emitter tip arrays have been conducted for the first time. Maximum fields of 3 V/Å
have been applied to the array tip surfaces to date, although fields of ∼ 2 V/Å to
∼ 2.5 V/Å are more typical. Desorption of atomic deuterium ions has been observed
at fields of roughly 2 V/Å at room temperature. The desorption of common surface
adsorbates, such as hydrogen, carbon, water, and carbon monoxide is observed at
fields exceeding ∼ 1 V/Å . In vacuo heating of the arrays to temperatures of the order
of 800 ◦ C can be effective in removing many of the surface contaminants observed.
For both the field desorption and the field evaporation approaches further improvements to array design and fabrication are required if arrays are to provide
sufficient deuterium ion currents to produce 109 to 1010 n/cm2 of tip array area for
the detection systems.
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Chapter 1
Introduction

Portable detection systems for special nuclear materials are required for nuclear nonproliferation and counter terrorism activities. Of the special nuclear materials, highly
enriched uranium (HEU ) poses a very serious threat. The combination of the large
quantities in the world inventory, the small amount required for a simple nuclear
explosive device, and the difficulty of detecting HEU by passive radiation monitoring
makes it one of the most dangerous legacies of the cold war. In order to reliably detect
HEU , even when unshielded, active neutron or gamma-ray interrogation is required.
These systems use neutrons or gamma radiation to stimulate fission of the HEU and
detect the subsequent emission of neutrons and/or gamma radiation by the fission
products. A critical component hindering the development of fieldable active neutron
interrogation systems has been the neutron generator. Existing neutron generators
do not meet the combined, size, weight, lifetime, and power requirements of field
detection systems. In particular, the National Academy of Sciences has concluded
that significant advances in neutron generator technology are required [49]. We are
developing a portable active neutron interrogation system using a new approach to
neutron generators.
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With few exceptions the ion sources in these generators extract ions from a plasma
created in various types of electrical discharges [11], [20], [4], [45], [57] or [55]. This
leads to generators with either long lifetimes (≥ 1000 h) and low outputs (≤ 108 n/s),
such as well logging generators, or high outputs (> 1012 n/s) and short lifetimes
(a tens of pulses). For many field detection applications one would like to have
long-lived, high output generators. Additional desirable generator features include
variable pulsing rates, rugged design, low cost, ambient cooling and, in the case of
man portable systems, high energy efficiency.
Compact, electronic neutron generators create and then accelerate deuterium ions
into a tritiated metal targets to produce neutrons by the deuterium-tritium (DT )
nuclear fusion reaction T (D, n) 4 He. Reactions of this sort are the only type of
neutron generator useful for portable detection systems. The use of, for example,
radioactive material is not feasible due to weight and operational burdens associated
with shielding and pulsing the source.
Compact DT neutron generators are well understood and their efficiency is optimized. However, the deuterium ion sources can be improved to increase generator
portability, lifetime and output.
We are investigating two related but distinct approaches to producing deuterium
ions. The first is Electrostatic Field Desorption (EFD). The EFD source operates in
a pulsed mode wherein a voltage pulse applies an electric field sufficient to remove,
as ions, deuterium atoms that have adsorbed on metal surfaces from the gas phase.
The hydrogen isotope gases are subsequently reabsorbed, at a rate dependent upon
the background gas pressure, before another pulse is applied. Figure 1.1 illustrates
this mechanism.
The second approach, an Electrostatic Field Evaporation (EFE) process, is one
in which a metal hydride thin film is removed from a surface as deuterium and metal
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Figure 1.1: A schematic showing deuterium ion field desorption from metal tips. (a) A
D2 gas molecule is incident on the surface of the metal tip, (b) The D2 molecule adsorbs
as molecule or D atoms, and (c), The deuterium is desorbed as positive atomic ions at a
high electric field.

ions. While EFE is inherently more limited in lifetime than the EFD approach,
several operational concepts can make use of an ultra-compact, high output, albeit
limited lifetime, neutron source. Some of its advantages over the EFD approach
include, much less sensitivity to the presence of surface contamination and much
higher yields per pulse. The schematic shown in Figure 1.2 illustrates the approach.
Titanium has been used as the deuterium occluder in the present studies.
These ion sources are very energy efficient, because the energy needed for the
creation of an ion from an atom adsorbed on a surface is less than the ionization
potential of the atom in free space. Electrical discharge based ion sources require
much more energy per ion. The theoretical background underpinning the operation
of these ion source is discussed in Chapter 2.
Both, EFD and EFE require electric fields of the order of several V/Å . These
fields can only reliably be achieved by the use of sharp metal tips whose shape
increases the field at their apex. However, the ion emitting area of such a tip is small
(∼ 10−15 m2 ) and the total deuterium ion current and hence the produced number of
neutrons scale linearly with the emitting area ions. Thus in both source approaches
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Figure 1.2: A schematic showing field evaporation of deuterated titanium from tungsten
tips.

microfabrication is used to make large arrays of tips, having densities of the order of
107 tips/cm2 to produce the high D+ ion currents and the associated high neutron
output required for practical detection systems. A schematic of a neutron generator
using such an array is shown in Figure 1.3. The integral gate electrode permits a high
tip packing density, and thereby the potential for large ion currents. This electrode
also allows for the straightforward modulation of V2 , see Figure 1.3, using relatively
low voltages (∼1 kV) to achieve field desorption or evaporation.
Potential key benefits of this type of ion source relative to conventional ion sources
are:

• increased electrical efficiency and reduced power requirements relative to neutron yield to enable effective man-portable systems,
• scalable neutron output (with the dimensions of the tip array) to meet different
application needs,
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Figure 1.3: Schematic diagram of the deuterium-tritium neutron generator using a field
desorption or field evaporation deuterium ion source. Voltages V1 and V2 control the
deuterium ion accelerating voltage and current respectively.

• increased generator and target lifetime due to the use of a distributed ion beam,
• a reduction in system complexity due to the elimination of plasma based ion
sources.

As discussed, the neutron yield scales with the deuterium ion current a technology
that is well understood. This is why this thesis focused entirely on deuterium ion
production. The physics and some engineering aspects of these high-field ion sources
were investigated by mass spectrometry and atomic resolution imaging. The experimental approach and techniques are discussed in Chapter 3. Studies initially focused
on the use of single etched-wire metal tips as opposed to microfabricated arrays of
tips because it is much more straight forward to extract basic physical understanding from the simpler single metal tip system. Key fundamental aspects of ion source
characteristics such as the dependence of source operation on the chemical character
of the tip surface and the limits of current flow and ion formation due to space charge
effects, have been investigated. Single tip studies of the EFD source and EFE source
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are presented in Chapter 4 and 6 respectively.
Modified Spindt-type microfabricated tip arrays were used for EFD source experiments. These arrays are manufactured at SRI and tested at UNM. A key engineering
aspect involved in the use of these arrays is their modification to ion sources from
electron sources. The EFD or EFE application requires operation of the arrays at
fields roughly 10 times greater than, and in the reverse polarity of, those required for
the standard electron source mode. Array studies of the EFD source are discussed
in Chapter 5. As only limited studies of array in the EFE source were conducted,
these results are incorporated into those of the single tip work on the EFE source in
Chapter 6.
Due to the large quantities of ions produced and the need to simultaneously
measure the number of ions and their mass, the experiments conducted in this thesis required the use of instruments, particularly the detectors associated with the
time-of-flight mass spectrometry studies, in regimes outside their normal operating
parameters. This necessitated the development and use of a unique detector calibration technique. Experimental aspects related to these studies are discussed in
Chapter 7 (Detector calibration) and Chapter 8 (Detector performance).
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Chapter 2
Theoretical background

2.1

Field ionization

Field ionization was first observed by Müller in 1953 and explained by Ingram and
Gomer.[23]
In field ionization, electrons of gas phase atoms or molecules tunnel into a conductor in the presence of a large electric field. The electric fields required for significant
tunneling probabilities (approaching roughly 1) are on the order of several V/Å.
These large electric fields are created, with relatively modest voltages in the laboratory, at the surface of conductors having a very small radius of curvature. At these
field strengths the tunneling probability is appreciable because the potential barrier
seen by the electron in an neutral atom in front of a metal surface is of the order of
the de Broglie wavelength of the electron.
An illustrative potential energy diagram of the field ionization process is shown
in Figure 2.1.
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Figure 2.1: Potential energy diagram for an electron in an H atom in the presence of
an applied field of 2 V/Å near a metal surface. Dashed lines marked H are the H-atom
Coulomb potential in the absence of the field. Solid lines are the field deformed potentials.
PW is the sum of applied plus image potential, PM the atom potential. The Figure is taken
from [18].

2.1.1

Field ion microscopy

Field ion microscopy (FIM) is a powerful surface imaging tool. In 1951 Müller
successfully used it to image metal surfaces at atomic resolution the first time. Now
it is a standard technique for the surface analysis and is well described in many
textbooks, see for example [43] or [16].
Field ionization is the mechanism underlying FIM. As described in Section 2.1
gas atoms are ionized in a well defined region in front of a metal if an electric field
is present. At the Angstrøms scale even an atomically smooth surface has structure
introduced by the size of the atoms themselves. The electric field is enhanced above
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surface atoms and lowered between them, thus by applying the field to a conductor
the gas atoms are ionized directly in front of the surface atoms and not between
them. Once ionized the gas atoms follow (approximately) the electric field lines
until they reach an ion detector, on which an image of all the atoms forms. Since
the electric field lines expand as they leave a curved surface, magnifications of the
surface on the order of 106 times can be achieved when using a very sharp tip as
a sample and resolution is sufficient that distances of a few Angstrøms can be seen
with the unaided eye.
Figure 2.2 illustrates the field ionization image formation process.

Figure 2.2: (a) A ball-model, in which balls have been stacked on top of each other,
similar to atoms in a sharp tip. If voltage is applied the regions of high curvature would
have the highest electric fields. (b) Atoms above which the highest electric fields would be
created highlighted with fluorescent paint part. (c) An FIM of a metal tip. Each bright
spot corresponds to an atom sitting on an edge of a crystal plane, or in the interior of a
high-index plane. The Figure is taken from [43].

The colder the imaging gas and metal tip the better the image. Cold gas atoms
have small initial transverse velocities and hence the resolution is increased. A cold
tip also limits the diffusion of contaminants and increases the ion current. For our
application cooling to liquid nitrogen temperature is sufficient but even at room
temperature useful images have been achieved.
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The fields required for FIM are similar to the evaporation fields of many metals.
Each gas has different fields at which it gets ionized, related to the ionization potential
of the gas, just as each metal evaporates at different fields. As it is impossible to
image a metal at fields above its evaporation field it is beneficial to choose an imaging
gas which ionizes at or below the metal evaporation field. In some cases one can image
while cleaning the metal tip with field evaporation.
Each gas has a so called ”Best imaging field”. This is the field at which the
image has the highest resolution. For higher fields the gas is ionized too far away
from the metal atoms and surface image resolution is lost. At lower fields the ionization probability is lowered and the images are faint. The best imaging fields for
some common imaging gases are: 4.4 V/Å (He), 3.5 V/Å (Ne) and 2.2 V/Å (H) (for
example [32]). This knowledge provides a field-voltage calibration for the emitter
tip. Similarly the evaporation fields of the different metals are known and give another calibration point. The evaporation fields depend on the substrate temperature,
whether the evaporation is in vacuum or a gaseous atomsphere, and the composition
of the atmosphere.
Once the field and the voltage are known a radius of the tip, r, can be estimated
with following good approximation [16]:
F ≈

2.2

V
5r

(2.1)

Field desorption and field evaporation

There is only a subtle difference between desorption and evaporation. Historically
field evaporation referred to the removal of the substrate material, whereas field
desorption refers to the removal of material adsorbed on the tip substrate. In this
sense multilayer titanium films deposited on tungsten tips are field evaporated (even
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when deuterated) and deuterium is desorbed from tungsten tips.
The physics governing both is identical and similar to field ionization. In field
ionization the Coulomb potential of a gas atom is distorted by the applied electrical
field such that the electron can tunnel into the metal, see Section 2.1. For field
desorption the principles are the same, but here the potential through which the
electron tunnels is associated with bonding of the adsorbate to the surface of the
metal. A simple model of field desorption is given by Gomer [18] and is summarized
in Figure 2.3 2.3. Initially one begins with the potential energy of an atom and an
ion close to a metal surface. In the absence of an electric field the potential energies
of the atom and the ion are, to a good approximation, described by two different
potential wells, separated by I − φ. This separation can be understood by looking at
Figure 2.1. To change an atom to an ion requires an energy equal to the ionization
potential of the atom, I. However in the presence of a metal the electron does not
have to be moved into free space, but only to the top of the Fermi level of the metal,
which is below zero by the metal work function, φ. In the presence of a strong electric
field the ionic potential is tilted and crosses the potential of the atom in an avoided
crossing. An atom in this crossing region can be an ion or an atom, depending on the
tunneling probabilities. One can see that the stronger the electric field the earlier the
two lines cross and the smaller the potential the atom has to overcome to change to
an ion and leave the metal. This potential barrier explains the thermal dependence
of the field desorption process.
The field required for field evaporation of many metals is typically increased
by ∼ 10 % when the material is cooled from room temperature to 77 K, which is
fundamentally different from field ionization. At sufficiently low temperatures with
sufficiently high fields the barrier becomes small enough that the atom can tunnel to
the ionized state.
For comparison the field evaporation fields at liquid nitrogen temperature of some
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Figure 2.3: Potential energy curves illustrating field desorption, with I the ionization
potential of an adsorbate A and φ the work function of the metal M . Neutral and ionic
curves, M + A and M − + A+ , respectively, (a) in the absence and (b) in the presence of an
applied field F. In the latter case the field deformed curves intersect at xc . Ha is the heat
of adsorption of A, Q is the activation energy for the desorption corresponding to the xc .
Polarization effects have been ignored in this Figure. Figure taken from [18].

frequently used materials are [43]:

material
evaporation field (V/Å )

tungsten
5.4

molybdenum
4.5

titanium
2.5

Table 2.1: Field evaporation fields of some elements of interest in this work.

The temperature dependence allows two different approaches to field desorption
(or field evaporation). One can apply a high enough electric field, so that the barrier
becomes small enough to be overcome by thermal activation as in our experiments.
Alternatively, one could apply a relatively small electric field and raise the temperature of the metal. This can be done very precisely with lasers. This approach is not
practical from the neutron generator viewpoint, and is not considered further here.
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2.3

Time-of-flight experiments

Time of flight experiments (TOF) are one approach to mass analysis. A voltage
pulse V , large enough to desorb ions due to field desorption or field evaporation,
is applied to a metal tip. The desorbed ions of mass m and charge q gain a kinetic
energy given by 1/2mv 2 = qV and hence a unique velocity. This velocity is the
flight time divided by the flight path length and thus a measure of the charge to
mass ration, q/m, of the ion. The time-of-flight technique is described for example
in great detail in [50]. For successful TOF experiments there are three additional
considerations. First, the functional dependence of the acceleration and hence the
velocity on time in a non uniform electric field is not easily to determine. To simplify
this problem an aperture is placed in close vicinity of the emitter tip (with tip to
aperture distance d). With the aperture and the detector at ground a field free drift
region of length D is achieved between the aperture and detector. For D À d the
flight time of the ions is to a good approximation:
s
1 m D2
T =
2q V

(2.2)

Second, the length of the voltage pulse τ needs to be much shorter than the flight
time of the ions. More precisely the time in which the ions get desorbed needs to
be short in comparison to the arrival time difference of the ions which one wants to
distinguish from each other. If this was not the case the arrival time of the different
ion species would overlap with each other.
Lastly, all ions need to experience the same total accelerating voltage, which is
why a very fast rising step function like pulse is used (risetime of ∼ 4 ns). Ions
with different total energies as they enter the field free drift region would result in
ambiguities in the identification of specific charge to mass ratios. For the same reason
the voltage pulse is not allowed to shut off as ions are in the acceleration region. In
this context it is fortunate that the fast voltage pulse reaching the tip, which can not
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be perfectly impedance matched leads to a short ”leading edge”, as is indicated in
Figure C.3. Since desorption processes depend exponentially on the electric fields the
majority of all the desorbed ions are usually desorbed at this ”leading edge”. This
pulse shape also addresses the second point by providing a well defined ion flight
time.
This method is only capable of determining the mass-to-charge ratio m/q of the
detected ions, as can be seen in equation 2.2. Often times throughout this thesis it
might be claimed that the mass or the ion species is found when using TOF. This
is strictly speaking incorrect, but more convenient than talking about the mass-tocharge ratio. Most of the times the exact mass-to-charge ratio of the ion in question
is clear, if it is ambiguous however, the mass-to-charge ratio is given.
Not only desorbed ions but also gas phase ionized ions can be identified with this
method.
A typical voltage pulse applied for TOF measurements is shown in Figure C.3.
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Experiments were conducted in either of two similar stainless-steel ultra high vacuum
imaging atom probes [50] typically operating in the low 10−10 Torr range following a
6 to 10 hour bake out at ∼ 120 ◦ C . These systems are shown in Figures 3.1 and 3.2.
During titanium film deuteriding experiments pressure minimums were typically 10−9
Torr. Prior to use in the UHV systems components are cleaned successively in soapy
deionized water, deionized water, acetone and ethanol, with ultra sonic cleaners.
Exceptions to this are the tip arrays and tips. The arrays are prepared in vacuum and
hydrogen fired at ∼ 600 ◦ C before being shipped to us in vacuum sealed copper pinchoff tubes. Tip preparation and cleaning is described in Appendix A.1. The vacuum
systems were rough pumped to ∼ 10−6 Torr with a turbo pumping station and then
operated on ion pumps. A titanium sublimator was also available to maintain low
pressures during experiments or purify helium and neon. Research grade (99.9999
%) hydrogen, deuterium, argon, helium and/or neon gas was admitted directly into
the atom probe chamber from 1 or 2 l glass flasks. Studies were conducted at room
temperature (293 K) and at 77 K.
The desorbed/evaporated ions were detected using a 1 ” or 3 ” diameter chevron
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Figure 3.1: Picture of the ultra high vacuum system used for the microfabricated arrays.
One can see e.g. a) the detector (channel plate and phosphor screen), b) the coldfinger, c)
one of the gas bottles, d) the ion pump, e) the ion pump valve and f) the sublimator. The
system is ∼ 75 cm wide.

channel electron multiplier array whose output was viewed on a P-47 phosphor screen
with an Amperex XP2262B photomultiplier tube. This electrically decouples the
detector from the vacuum system and decreases the pickup during pulsing in the
TOF mode. This can be a problem as hydrogen and deuterium can arrive at the
detector during the time that radiation from the pulse reaches the detector and
its associated electronics. In typical TOF experiments the PMT acts as a signal
integrator. P-47 phosphor is the fastest available phosphor with a decay time of
∼ 65 ns. As the decay time of the peak associated with a given mass-to-charge ratio
is limited by the decay time of the phosphor, corrections are made to determine the
absolute height of successive peaks which appear in the tail of a proceeding peak.
The phosphor screen also allows for ion imaging.
The single etched wire tips had an end radius, R, of typically 100 Å to 300 Å,
measured to an accuracy of ∼10 % by correlating the evaporation field F, to the
applied voltage, V, through F ∼ V /5R [16]. The small radius of curvature of the
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Figure 3.2: Schematic of the key components of the ultra high vacuum system.

tip end form allowed for the application of the high electric fields required for field
evaporation and desorption using modest voltages (a few kV). Fields were calibrated
by helium and hydrogen ion imaging fields (∼4.5 V/Å and ∼2.3 V/Å respectively)
and tip the metal evaporation fields [43]. The preparation of such tips is described
in Appendix A. The experimental features of implementing arrays is described in
the Section 3.1.
The tip and/or arrays are mounted on a liquid nitrogen cold finger and are positioned ∼ 10 cm from the detector. This distance is chosen as a compromise and
allows both reasonable ion imaging and time of flight (TOF) experiments. As the
sample-to-detector distance decreases imaging improves because more ions are col-
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lected but mass resolution degrades because the flight time decreases, and vice versa.
At a distance of 10 cm an ion of mass to charge ratio 10 would be resolved from a
mass to charge ratio of 11 by ∼ 50 ns for typical ion energies. At the same time one
can view with the 3 ” detector the 110 and even all the 211 crystal planes of a usual
well aligned tungsten tip, because the ions from a ∼ 20 degree half angle reach the
detector.
In the single tip experiments an aluminum shield containing an aperture 3 mm
in diameter is placed ∼ 1 mm in front of the tip as shown schematically in Figure
3.2. This aperture serves also as a ’gate’ electrode and defines the field free drift
distance over which flight times are measured. A photograph of a tip mounted onto
a coldfinger including the aluminum shield is shown in the Appendix A.1.
The time-of-flight (TOF) mass analysis of the desorbed or evaporated ion species
was conducted using a 20 ns duration voltage pulse. The rise time of the pulse was
determined to be a few nanoseconds using the pulse to induce field electron emission
signals on the detector. The pulse generators used, were of the cable discharge type
switched by either mercury wetted reed relay (maximum pulse voltage of 2.5 kV) or
a high-pressure spark gap (maximum pulse voltage 20 kV). A d.c. holding voltage
was applied in addition to the pulsed voltage with a Bertan Model 225 power supply.
The application of d.c. voltage has advantages and disadvantages, some of which
are discussed in the Appendix C.1. In the single tip evaporation experiments not
only fast pulses, but also voltage ramps were applied. Slow ramps of the order of
∼ 5000 V /ms to several seconds were generated by the use of the Bertan power
supply in combination with a Wavetek Model 166 pulse generator. Just turning the
Bertan power supply on resulted in a millisecond type ramp, which was also used
frequently. Fast voltage ramps of the order of ∼ 5000 V /µs were applied by shaping
the square pulse of a Velonix 360 pulse generator. The square pulse of the Velonix
was terminated into the appropriate terminator (either ∼ 800 Ω to ground for the 5

18

Chapter 3. Experimental setup
kV module or ∼ 3.3 kΩ to ground for the 10 kV module) and shaped with a simple
RC circuit between the Velonix and the UHV system. For this the resistor, ∼ 1100
Ω, and the capacitor, ∼ 7 nF were separately connected to ground. This does not
lead to a linear voltage ramp, but rather a 1 − e−x shape. Additionally the square
pulse width was turned down, so that the slow rising last part of the ramp was cut
off, resulting in relatively linear slopes over the voltage region of interest.

3.1

Array experimental details

In contrast to the single tips the arrays are not build in our lab, but at SRI. Their
fabrication is a complicated procedure and described elsewhere [5]. The arrays arrive
mounted on a TO-5 header, see Figure 3.3, which serves as a mechanical fixture for
handling and as electrical fixture for making contact.

Figure 3.3: Schematic of array mounted onto a TO-5 header.

Similarly to the single etched wire tips the TO-5 headers are mounted onto the
coldfinger as in Figure 3.4. To heat the arrays in vacuum, the TO-5 header is
spotwelded onto a custom alumina insulated filament. Array temperatures were
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measured using either an iron-constantan thermocouple spot-welded directly to the
TO-5 header and/or with a disappearing filament optical pyrometer.

Figure 3.4: Photograph of an array mounted on the coldfinger. The ring structure around
the TO-5 header is a custom alumina insulated filament for heating the arrays. There are
two heaters visible. One TO-5 header is already attached to one heater and its electrical
contacts have been made.

3.2

Titanium evaporation: Experimental details

The experiments were performed with the same vacuum system and equipment used
for the single tip desorption experiments. Some changes were made to accommodate
titanium deposition, which was performed in situ and is described in the following
Sections and Appendix B.
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3.2.1

Titanium deposition

The titanium was deposited onto the tip by Joule heating of a Tantalum (75 %)
Titanium (25 %) alloy wire. The wire is mounted on a linear feedthrough, such that
the wire can be moved in front of the tip. A stainless steel shield was mounted in
close vicinity to the titanium wire to shield the detector from titanium deposition.
The alloy wire is wound as a coil of 6 complete turns having a diameter of 0.1” over
a length of ∼ 1/4”and placed 1 cm in front of the emitter tip, see figure 3.5.

Figure 3.5: The titanium deposition coil and its surrounding is shown. The coil can be
moved up in front of the tip by a linear motion feedthrough.

Titanium is deposited by running a current of 2.7 A to 3.0 through the coil. The
temperature of the coil was measured with an optical pyrometer. For the necessary
emissivity corrections it has been assumed that the loop only consists of tantalum.
With this assumption one finds that a deposition current of 2.7 A (a common value)
corresponds to a coil temperature Ta ≈ 1640 ◦ C (see equation D.1 in Section D.1).
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Film chemical composition analysis

It is important to know the exact chemical composition of the titanium films. Atom
probe microscopy is an excellent tool for such analysis. It has been shown that
while the as deposited films were dominantly titanium there were typically traces of
hydrogen, oxygen, and carbon. In order to better control the composition of the film
traces of these contaminants were minimized.
A new titanium deposition coil is typically at least partially covered with a film
of very stable T iO2 which tends to protect the bulk of the coil from oxidation. This
oxide film is removed in UHV by thermal heating to temperatures at which titanium
is normally evaporated from the alloy wire, ∼ 1600 ◦ C for ∼ 30 s. The first few film
imaging experiments following deposition with a new titanium coil often resulted
in poor images showing poorly defined if even discernable crystal structures. Thus
before use the coils were thoroughly outgassed by heating them to temperatures at
which the titanium is deposited onto the tip while the titanium coil is not in line of
site of the tip. A good indication of the outgassing time required was obtained by
monitoring the pressure in the vacuum system - initially it increases slightly (with
open pump) and after 10 to 30 seconds of heating it drops.
This outgassing process has to be done frequently, not only with a new coil, but
before every deposition otherwise hydrogen (or deuterium) is the main contaminant.
Often experiments are conducted in a hydrogen atmosphere, naturally hydrating
the coil, but even when attempting experiments in UHV (∼ 10−10 Torr) hydrogen
is present. In the absence of the protective oxide layer the hydrogen ever present
in stainless steel vacuum chambers can diffuse into the coil. It is known that in
bulk titanium it takes temperatures of 500 ◦ C or slightly greater to release all the
hydrogen [6] quickly (< 1 minute for our coil). Hence the outgassing is mostly done
at 0.7 − 1.0 A. The pressure increases much more than for the oxidized coil and often
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the outgassing has to be done in several steps to not overwhelm the ion pump.
With each titanium deposition onto the tip clean titanium is also deposited on
parts of the surrounding vacuum system. A little less than half of this amount is
deposited onto the shield next to the titanium coil and the coil holding structures. All
this titanium acts as a hydrogen pump and when heated up to temperatures greater
than 200 ◦ C [6] starts releasing hydrogen into the vacuum chamber. Since the shield
is close to the titanium coil it is radiatively heated to such temperatures by the coil.
For this reason the hydrogen (deuterium) pressure rises when increasing the titanium
coil current above 1 A, even after outgassing the coil itself. To minimize the impact
of this process the coil must be outgassed using the same, or greater, currents (i.e.
temperatures) and for the same, or greater, times with which the titanium deposition
is done. Even this is not sufficient to yield hydrogen free titanium films on the tip
because titanium is also deposited onto the aperture shield in front of the tip. This
part can not be outgassed separately from the titanium deposition and hence takes
much longer to clean up.
During the deposition of titanium the pressure is monitored with an ion gauge.
Often, after the vacuum system has been exposed to deuterium and a few titanium
depositions, the pressure is observed to increase, from ∼ 1 × 10−9 Torr to between
∼ 5 × 10−8 Torr and ∼ 5 × 10−7 Torr during depositions. Note that this pressure
does not necessarily correspond to the deuterium pressure directly at the tip as the
ion gauge is not in the immediate vicinity of the tip. It is likely that this pressure is
very different due to active pumping of new titanium and resupply of deuterium in
close vicinity of the tip. This makes it difficult to quantify the deuterium (hydrogen)
exposure as seen by the film during these depositions.
It has been found that in practice all other contaminants but hydrogen can be
eliminated with careful experimental techniques. It was also possible to form titanium films having a very small hydrogen content for depositions done in a well

23

Chapter 3. Experimental setup
baked vacuum system which has not been intentionally exposed to hydrogen. However, once hydrogen has been introduced to the vacuum system hydrogen is present in
essentially all as-deposited titanium films. TOF spectra of a titanium film deposited
under these conditions are shown in Figure 6.6 of the results Section.
The only way of totally eliminating hydrogen from the titanium films was by thermal desorbing the hydrogen from the film following deposition using temperatures
above 700 K (annealing) [6] or [46]. The annealing is described in Section 3.2.3.

3.2.2

Ion imaging of the titanium film

The tungsten substrate tip as well as the overlaying titanium layers have been ion
imaged in several gases. As is well known, helium is best suited for imaging tungsten
tips and produced excellent images (see Figure 6.1 a, or Section 4.2). Titanium
cannot be imaged well in helium because the evaporation field of titanium (∼ 2.4
V/Å [43] and [63]) is much lower than the best imaging field of helium (4.5 V/Å ).
The best titanium imaging results were in deuterium (hydrogen) at liquid nitrogen
temperature with satisfactory results obtained even at room temperature. While
this is true visually, it was very difficult to take pictures of these images due to the
slow constant field evaporation that occurred during imaging. Imaging titanium in
neon at liquid nitrogen temperature worked well as observed by others [64] (not as
good as D2 ), whereas at room temperature constant evaporation prevented imaging.
Images in Argon were very poor, also in agreement with other investigators.[64]
None of the photographs of the field ion images were as good as ”the eye would
see”. This is partially due to the incredible dark adaption capability of the eye.
Photographs required several second acquisition times. On these time scales the
images were never stable and hence the resulting pictures always appear blurry. In
addition it is much easier to recognize structures as they move, than in a still image,
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especially the shrinking ring structures of the crystal planes (as explained later). The
images of titanium presented in this thesis are usually the best pictures taken, but
even then, poorly represent what was seen.

3.2.3

Annealing

Sometimes titanium films were annealed following deposition. Joule heating of the
tip loop was used to control the tip temperature, which was monitored by elemental
resistance thermometry as discussed in Appendix D.2. Figure A.1 shows the complete
assembly of a tungsten tip on the coldfinger. The annealing was typically done by
heating the tungsten tip to 800 K to 900 K with a constant current through the
tip support loop until the resistance increased to a point which corresponded to the
desired temperature.
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4.1

Introduction to single tip field desorption

An integral part of the field desorption studies were done with single etched wire
tips instead of the microfabricated array structures. Single tips can never yield the
deuterium ion currents necessary for producing useful quantities of neutrons, however
they are very useful for source physics studies.
The key advantages of single tip studies relative to array studies are:
• The tips are readily available as we build them ourselves, and small changes
can be implemented quickly, see Section A. This was especially important in
the times when new arrays are being designed and produced, which often took
several months. In this time we could concentrate on the analysis of the single
tips, typically molybdenum and tungsten.
• Due to the simple geometry very high electric fields are easily achieved at the
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apex of the tip. The fields are only limited by the total available voltage and
the field evaporation field of the tip materials. As we will see, sufficient fields
allow for very efficient cleaning of the tip apex which was very important to the
desorption studies. Due to the simple geometry very high electric fields at the
apex of the emitter tips are readily achievable. The fields are only limited by
the total available voltage and the field evaporation field of the tip materials.
Given enough voltage this allows very efficient cleaning of the tip apex.
• The single tips can be ion imaged. Because of the applicable high electric fields
and the fact that it is just a single tip this technique can be used. It is a very
powerful analysis technique and enables, for example, atomic level imaging
(Section 2.1.1) of the surface crystallographic structure and calibration of the
electric field after which the electric field on the apex as a function of the
applied voltage is known. While a rough field calibration can be found with
arrays using several techniques (Section 5.3) ion imaging is much more reliable.
• Heating of the tip to much higher temperatures than with the arrays is possible.
The tips can essentially be heated to about 0.8 the melting point of the tip itself.
At these temperatures (> 1000 ◦ C) many of the most common contaminants
evaporate from the surface of tungsten and molybdenum. This allows for a
reasonably good cleaning of the complete tip structure (apex and shank).
• The combination of the high electric fields, imaging and the heating capability
allows for the very effective cleaning of the tip surface.
• The time of flight ion mass analysis is relatively straight forward with single
tips and allows for more straightforward analysis than with the arrays. This is
mostly the result of initially cleaner surfaces, the higher accessible electric fields,
and the well known field calibration. The results are that mass identification,
troubleshooting and error analysis are much more straightforward.
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• Single etched wire tips have been used for decades for field ion microscopy
(FIM) and field desorption studies. In particular, tungsten tips have been
studied extensively and thus there is a lot of information available on the best
experimental procedures and behavior of these tips.

All in all the single etched wire tips are an ideal subject to study and compare to
the array structures.
The goal of this study is to find the correct conditions for deuterium desorption of
metal tips. There are two key features required of a useful ion source based upon this
approach. First, the deuterium must be desorbed without desorbing any of the metal
tip substrate. This is important, because otherwise this could not be used as a long
lived ion source. Secondly, significant quantities of deuterium must be removed as
ions to achieve the required neutron output. Ideally this means a complete monolayer
with a single voltage pulse.
While in theory many different tip materials could be used, only field desorption
from tungsten and molybdenum tips has been studied. Molybdenum was chosen
because this is the tip material used in the array structures. Tungsten was chosen
for several reasons. It combines easy use, due to relatively straightforward tip preparation and cleaning, with very high evaporation fields. The high evaporation fields
are especially important, because this increases the chances of desorbing deuterium
without the tungsten. Molybdenum has proven to be slightly harder to etch satisfactorily and the evaporation fields are lower than for tungsten (∼ 4.5 V/Å vs. ∼ 5.4
V/Å for tungsten). Nevertheless similar results were achieved. While deuterium
desorption could be done easily with the tungsten as well as the molybdenum tips,
only submonolayer quantities of deuterium could be desorbed without removing tip
substrate material.
Due to the nature of the experiments and the small quantity of atoms usually
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removed in the TOF experiments the data presented in this Chapter is always an
average of many signals recorded under similar conditions directly after each other.

4.2

Clean metal tips

It is well known that clean metal surfaces are required to maximize the quantity
of adsorbed deuterium. In addition beginning with a clean surface provides a well
defined starting point for experimentation.
To achieve clean surfaces, a combination of annealing and field evaporation while
imaging with FIM was used with tungsten. While ”clean looking” FIM images were
often a good indication of cleanliness the combination of FIM and time of flight
(TOF) experiments was necessary to ensure clean surfaces.
The molybdenum tips were more difficult to use than tungsten tips. For unknown reasons the etching procedure sometimes formed very stable oxides which
were impossible to remove completely, see the following Section 4.3. As described in
Section A.1 the etching procedure was changed to eliminate this, but molybdenum
tip preparation remained complicated and unpredictable. Nevertheless atomically
clean molybdenum surfaces have been achieved.
FIM images of clean tungsten and molybdenum surfaces are shown in Figure
4.1. The images were taken at liquid nitrogen temperature at a helium pressure of
∼ 2 × 10−5 Torr. Since the evaporation voltage of molybdenum (∼ 4.5 V/Å) is very
close to the best imaging voltage in helium (∼ 4.4 V/Å) it is slightly more difficult
to get a stable picture with molybdenum than with tungsten. Both metals have a
bcc crystal structure and are aligned such that the tip points towards the < 110 >
direction. That is why the < 110 > plane is roughly in the center of each of the
images.
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Figure 4.1: Example of FIM images of atomically clean molybdenum and tungsten tips.
The < 110 > plane is at center to the top right. The tungsten has been imaged at much
higher voltage than the molybdenum (11000 V vs. 6000 V), which is why the atoms appear
smaller and more planes can be resolved. The molybdenum shows 4 dark regions, spreading
as a cross from the < 110 > plane, which are called zone decorations.

The TOF spectra, taken with tips like those shown in Figure 4.1, demonstrate
atomic level cleanliness, as can be seen in Figure 4.2. The molybdenum spectrum in
this Figure shows that clean spectra are possible at room temperature.

It is known that the desorption probability varies exponentially with the electric
field. A nice example has been the evaporation of a molybdenum tip at room temperature, as can be seen in Figure 4.3. This shows not quite exponential behavior
as a function of the applied voltage, due to the blunting of the tip as each atomic
layer is removed. As molybdenum is removed the radius of the tip increases such
that with increasing voltage the field stays constant.
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Figure 4.2: Clean TOF spectra of a tungsten and a molybdenum tips. Both metals come
in different charge states. The experiments have been performed in UHV with a small
pulse to dc ratio and tungsten (molybdenum) has been desorbed at liquid nitrogen (room)
temperature. A mass axes has been chosen over the usual preferred time of flight axes,
because the operating voltages were different.

4.3

Tip Surface Cleanliness

New emitter tips have surface contamination and annealing and/or field evaporation
is required to achieve clean spectra, which means showing just the presence of the
tip material. Even in UHV the tip surface can become recontaminated by adsorption
and diffusion. The adsorption from the gas phase can be controlled by maintaining a
high quality vacuum environment. For reference at a pressure of 10−6 Torr and for a
sticking probability of 1 it takes only one second to form a monolayer of contaminants
on the tip. The diffusion of contaminants onto the tip apex from the shank of the
tip can be avoided by thermal cleaning of the shank to remove contamination from
this region and by operating the tip at low temperatures as this reduces the diffusion
rates. It has been shown however that for example hydrogen can diffuse to the tip
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Figure 4.3: A TOF spectrum of a clean molybdenum tip. As the applied voltage is
increased the signal rises almost exponentially. By removing molybdenum the tip radius
is eventually increased sufficiently that the signal stays constant.

by surface migration from the shank even at 78K [26].
It has been found that even in a very clean environment of background pressures
in the low 10−10 Torr range small amounts of carbon, oxygen and especially hydrogen
can often be found on the tip surface. Applying a high dc holding voltage to the
tip helps maintain a clean tip surface as gas phase contaminants incident on the tip
surface are ionized.
No hydrogen signals have been found when desorption is initiated by applying
a voltage pulse on top of a sufficiently large dc holding voltage. With similar total
voltages (pulse + dc voltage) but a smaller dc holding voltage and hence larger
desorption pulses, hydrogen has been observed. In addition, after first lowering the dc
holding voltage for some time and then raising it to its original high level, a desorption
pulse results in the presence of hydrogen, as shown in Figure 4.4. The experiments
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were conduced one after another with the same tip so the vacuum conditions are
identical from experiment to experiment. These results are consistent with the fact
that a sufficiently high dc holding voltage prevents hydrogen from adsorbing onto the
tip surface from the gas phase. By many such experiments we find that a total field
of ∼ 3.5 V/Å is required to desorb hydrogen and a field of ∼ 3.4 V/Å protects the tip
from hydrogen. This is in reasonable agreement with the literature wherein similar
fields (3.8 V/Å) have been reported to completely shield the tip from hydrogen [39].
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Figure 4.4: The dependence of the spectra upon the pulse to dc voltage ratio. High dc
voltages can prevent the adsorption of hydrogen. The dashed line shows a spectrum taken
after the tip was exposed to lower dc voltages. The other two curves are averages. The
experiments were done at liquid nitrogen temperature.

It is clear that the correct choice of dc to pulse voltage ratio is crucial to the
success.
It is known [48] and has been found in these experiments that the ion gauge,
particularly when it is in close proximity to the tip (i.e. within line of site and ∼ 5
cm distant), can introduce contaminants to the vacuum system and hence the tip as
shown in Figure 4.5. Here TOF spectra are shown before and after the ion gauge
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was turned on to read a pressure of ∼ 10−9 Torr. The gauge is seen to introduce
CO, some of which is dissociated into C and O. These spectra were collected with
a 1 to 1 pulse to dc ratio such that hydrogen is visible.
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Figure 4.5: TOF spectra showing the contamination of the tip by the use of the ion gauge.
The spectra were achieved after long averaging at room temperature.

Often the contaminants introduced by the gauge were found hours and many
thousand pulses after it has been turned on. Moving the ion gauge far from the tip
(∼ 45 cm) and out of the direct line of sight reduces contamination rates significantly,
but nonetheless the gauge remains an issue when attempting to maintain very clean
surfaces.
It was found during the course of titanium evaporation experiments (discussed
in Chapter 6) that the presence of fresh titanium films in the vicinity of the tip
facilitated the observation of clean deuterium spectra. Since the titanium is known
to be a very good getter material this is not unexpected. Using titanium or a similar
material might be very helpful for keeping the tips clean. Just one example of this
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is given here in Figure 4.6. In this case the ion gauge was very close to the tip
and its operation introduced the contaminants as discussed just before. The pulsing
condition was exactly the same for the two different spectra besides the introduction
of the titanium.
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Figure 4.6: Fresh titanium in the vicinity of the tungsten tip can decrease the contaminant
adsorption rate. The tip was pulsed in a deuterium atmosphere at room temperature.

In some cases the molybdenum tips formed thick oxide layers, likely due to the tip
etching process, that were very difficult to remove by thermal desorption and/or field
evaporation. Such surfaces prevent the adsorption of deuterium. As long as these
layers were present deuterium field desorption was unsuccessful. The most commonly
observed molybdenum oxide peak was M oO++ . One of these TOF spectra is shown
in Figure 4.7.
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Figure 4.7: TOF spectrum of a molybdenum tip showing the oxide which often accompanied the molybdenum.

4.4

Hydrogen/deuterium desorption

It has been shown that desorption of deuterium ions from tungsten and molybdenum
tips is possible, but this must be done under the proper conditions to prevent the
presence of contaminants such as oxygen and carbon, or the simultaneous removal
of tip substrate material.

Besides the surface cleanliness, which was discussed in the previous Section there
are several other key issues involved in the successful desorption of only deuterium
which are going to be discussed in this Section, before the successful hydrogen experiments are presented.
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4.4.1

Field desorption vs. gas phase ionization

Field desorption of deuterium has been observed from tungsten and molybdenum
tips. This is important, because gas phase ionization cannot provide the required
ion currents.
There are several ways to test whether the ions observed are due to desorption or
gas ionization. One is to measure the ion signal intensity as function of desorption
pulse frequency as the intensity is, under the proper conditions, frequency dependent.
This is due to the fact that as more time is available between pulses more material can
either adsorb on or diffuse to the tip apex, which in return results in larger desorption
peaks. Gas ionization peak intensity should be independent of the pulsing frequency.
The frequency dependence of desorption peak heights is only visible when the correct
time intervals are chosen. Too long time intervals allow for saturation of the tip with
deuterium and there is no frequency dependence visible. Too short time intervals
might not allow enough atoms to adsorb compared to the number of atoms already
available for desorption or the number of gas phase ionized atoms.
Figure 4.8 is an example of an experiment showing that the hydrogen ion current
is due to desorption.
On the other hand Figure 4.9 shows an experiment in which the interpretation
is more complicated. One can see several different ion species, non of which depend
on the pulsing frequency. Because the experiment was performed in a deuterium
atmosphere of 4x10−5 Torr it is questionable that the large CO++ , CO+ or H +
peaks can be a result of gas phase ionization. It is much more likely that they
are desorbed, just like the tungsten, from the tip, but not replenished with a rate
comparable to the pulsing rate. In this case the desorption peak heights are not
pulse frequency dependent. The D+ signal could be either desorbed like the other
contaminants, or the result of gas phase ionization.

37

Chapter 4. Field desorption studies of deuterium with single tips

1.2

H+ peak height (a.u.)

H+

Intensity (a.u.)

1
0.8
0.6

1
0.8
0.6
0.4
0.2
0
0.05

0.4

10

0.05

10

Pulse frequency (Hz)
0.2

Mo+++
0
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Mo++
1.8

2

Flight time (µs)
Figure 4.8: Peak height versus pulsing frequency at 5x10−10 Torr show deuterium is
desorbed from the molybdenum surface at 77 K.

When performing such experiments care is needed as, for example, a pressure
change (which is not obvious to see, since the ion gauge is turned off and should
stay off during experiments, see Section 4.3) can result in different peak heights. It
is good practice to first increase the pulse frequency and then decrease it to see if
the resulting peaks are consistent. An example of this test is shown in Figure 4.10.
While there is a trend visible, it is not dependent on the pulse frequency, but likely
on the ambient pressure change.
There are also other ways to check for field desorption. One can for example
expose the tip to e.g. deuterium and evacuate the system to low pressures. Subsequent TOF signals should show an initially large deuterium peak which decreases
with successive pulsing if the field desorption of deuterium is being observed. An example of such an experiment is shown in Figure 4.11. Here the hydrogen peak stays
constant, as it should, since it comes from the ever present hydrogen background
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Figure 4.9: An example of a pulse frequency versus peak height experiment that is inconclusive in differentiating between deuterium desorption and field ionization at 290 K in
4 × 10−5 Torr deuterium.

which is independent of the amount of deuterium.
Experiments like this have been performed frequently and successfully, not only
to verify hydrogen peaks, but also to identify the source of contaminants.

4.4.2

Hydrogen promoted evaporation of the tips

It is well known that hydrogen can promote the field evaporation of the metals onto
which it is adsorbed, see for example [42], [58] or [63]. This is a problem for the ion
source application and is difficult to overcome.
It has been measured for example in pulsed laser experiments at 30 K that the
evaporation field of tungsten drops in the presence of hydrogen from 5.5 V/Å to

39

Chapter 4. Field desorption studies of deuterium with single tips

2

1.8

+

D

1.7
1.6

Signal (V)

Signal (V)

1.5

1

1.5
1.4
1.3
1.2

0.5

1.1

0

2

4

6

8

10

Pulse frequency (1/s)

0
0

0.5

1

1.5

2

2.5

3

Flight time (µs)
Figure 4.10: Pulse frequency versus peak height experiment in ∼ 1x10−6 Torr deuterium
showing that the deuterium is gas phase ionized. Despite the fact that a change in peak
height as a function of frequency is initially visible, continued pulsing revealed that the
trend is not due to the pulse frequency.

4.40 ± 0.20 V/Å and the evaporation field of molybdenum is reduced from 4.5 V/Å
to 4.20 ± 0.20 V/Å. [63] In the presence of hydrogen the evaporation fields of these
two metals are not very different suggesting similar hydrogen desorption behavior.
While hydrogen desorption from these metals occurs below these fields (∼ 4 V/Å )
some reports claim that tungsten always appears with hydrogen [58]. In addition, the
charge states of the desorbed metal ions depend upon the evaporation field. [3], [29]
The following experiments show the reduction in evaporation field by hydrogen and
the impact of this field reduction on the charge states observed during evaporation
the only study to date in which these effects have been investigated simultaneously.
The presence of hydrogen on the tip surface leads to the desorption of metal ions
with lower charge states (relative to vacuum evaporation), independent of whether
the experiments were conducted at 77 K or 290 K showing indirectly the reduction
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Figure 4.11: The deuterium signal as a function of number of pulses applied following the
exposure of a tungsten tip at 77 K to deuterium and its removal from the vacuum system.

of the metal evaporation field. Examples are shown in Figures 4.12 and 4.13 with
tungsten and molybdenum tips. The molybdenum desorption in Fig. 4.12 shows
that as more deuterium is desorbed more molybdenum is also desorbed. As the
voltage is increased in this experiment more and more deuterium is desorbed until
the dc voltage is high enough to protect the tip from the deuterium. Once the tip
is protected from deuterium by the high field, the molybdenum desorption peak
gets smaller even though the voltage is increased further. This is direct evidence
for hydrogen promoted desorption. As the voltage reaches the vacuum evaporation
voltage of this tip, the quantity of desorbed metal increases. Now the dominant peak
is a higher charge state than during hydrogen promoted desorption.
The same behavior is encountered with tungsten tips, as shown in Figure 4.13.
Again, the more hydrogen is desorbed the lower the charge state of the metal. This
case is especially interesting because the applied voltage has not been changed during
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Figure 4.12: The promotion of molybdenum desorption by hydrogen (77 K).

the experiment and thus the field at the tip should not have changed. The only
difference is the amount of hydrogen on the tip surface.

4.4.3

The desorption of hydrogen without metal

For a long lived ion source it is crucial that the deuterium ions are desorbed without
the removal of any metal as the constant removal of metal leads to tip blunting. It
was found that desorption of deuterium from tungsten and molybdenum tips while
not removing tip material was difficult, but not impossible. The conditions required
for the reproducible desorption of only deuterium remain unclear.
While the goal is to use desorption at room temperature it was found that desorption at liquid nitrogen temperatures may yield much better results for several
reasons. First, at liquid nitrogen temperature hydrogen can physisorb onto the sur-
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Figure 4.13: Different charge states of desorbed tungsten due to hydrogen.

face which is a weaker binding than the usual chemisorption. This makes more
deuterium available for desorption at lower electric fields then at room temperature.
Secondly the reduced surface diffusion rates at liquid nitrogen temperature reduce
tip surface contamination rates and thereby help maintain high deuterium adsorption levels. Lastly, as the tip material evaporation fields decrease with temperature
(by 10 to 20 % between 77 K and 293 K e.g. [28]) one would expect less metal loss
when working at low temperatures.
A typical spectrum of hydrogen desorption from a thoroughly cleaned molybdenum tip at liquid nitrogen temperature is shown in figure 4.14. The total voltage (dc
+ pulse) was changed to minimize the desorbed metal, but the metal to hydrogen
ratio could not be reduced to less than that shown in Figure 4.14. In addition, pulse
voltage to dc voltage ratio was changed in several steps from 0.07 up to 0.23, however
while more material was desorbed at higher ratios, the deuterium to metal ratio did

43

Chapter 4. Field desorption studies of deuterium with single tips
not change. Relative amounts of desorbed molybdenum to desorbed hydrogen did
not change.
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Figure 4.14: Hydrogen desorption from molybdenum at liquid nitrogen temperature shows
some metal desorption at fields of 3.9 V/Å .

It was however possible to find deuterium desorption spectra without molybdenum, as shown in Figure 4.15. The molybdenum tip used here was cleaned by
field evaporation and imaged at 7700 V in helium (4.5 V/Å ). After this deuterium
was added to the vacuum chamber. The tip was pulsed with different total voltages (Vp = 1000 V), as indicated in the Figure at room temperature. For fields
near ∼ 3.4 V/Å, only deuterium ions were found. Afterwards other experiments
were conducted, like described in Section 4.4.1, which ensured that the ions observed
were field desorbed. For a small field range, ∼ 3.4 V/Å, only deuterium ions were
found. Afterwards other experiments were conducted, which ensured field desorption
of these ions.
The key features of hydrogen field desorption remained essentially the same when
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Figure 4.15: Field desorption of only deuterium ions from a molybdenum tip at room
temperature. This figure shows the narrow range of fields for which only deuterium was
observed.

tungsten as opposed to molybdenum tips were used, in that it was difficult to remove
hydrogen without removing some tip substrate material. However, Figure 4.16 is an
example of hydrogen desorption at liquid nitrogen temperature using fields of ∼ 4.4
V/Å without removal of tungsten tip material. Even on a logarithmic scale no
tungsten desorption is visible (just like in the molybdenum tip data in Figure 4.15).
That hydrogen desorption, as contrasted with hydrogen field ionization, was observed
in these experiments was verified by changing the time between desorption pulses
and looking for changes in the quantity of hydrogen observed.

Lastly it should be pointed out that even when apparently desorbing only hydrogen/deuterium from the metal tips, there could always be some undetected metal
desorption.
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Figure 4.16: Spectra showing that from a tungsten tip the desorption of only hydrogen is
possible at liquid nitrogen temperature.

4.4.4

Total quantity of desorbed deuterium ions

While relative amounts of desorbed material can be measured with good accuracy
in the atom probe experiments (e.g. deuterium vs. tungsten peaks), the absolute
number of detected ions are much more difficult to determine. We have not yet
calibrated the absolute quantity of field desorbed deuterium ions. However, in the
course of experiments involving the evaporation of titanium multilayers (Chapter 6),
we developed a procedure that can be used to determine the quantity of desorbed
material. This required quite different detector settings than were used through the
aforementioned experiments. The calibration is therefore not generally applicable
to the desorption experiments to date, but can be used in all future experiments to
measure absolute yields.
For example, the gas phase ionization deuterium signal seen in Figure 4.10, could
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be calibrated to correspond to a signal of 0.03 Layers/pulse only because this experiment happened to be performed during the course of multilayer titanium experiments
when calibrated detector settings were used.
At this point it can be said that apparently submonolayer coverages of hydrogen
are desorbed when no metal ions are observed. This conclusion comes from observations of fluctuations in the height of the peaks in the TOF spectra during hydrogen
desorption. First, the variation in signal height when averaging 100 pulses, as shown
in Fig. 4.17 is an indication of small numbers of ions detected.

Figure 4.17: The evolution of a hydrogen peak with time. Each data point corresponds
to an average over 100 pulses. During this measurement nothing was changed

Similarly fluctuations in the type of ion species being detected indicate that
small number of ions are being observed. For example, a single desorption pulse
can show different ion species than a subsequent pulse and only an average of these
pulses is comparable to an average of a different experiment. The appearance and
disappearance of such peaks suggests a small number of ions within such a desorption
peak. Since these are of the same order of magnitude as the deuterium ion peaks
these peaks themselves must also be rather small.
Lastly, we note that often the height of the deuterium peaks in a single desorption
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pulse can be on the order of the height of apparent contaminant peaks such as CO+ .
Since the contaminants are not expected to cover the complete tip and be removed
with a single pulse, these peaks and the deuterium peaks may contain only a few
atoms.

4.5

Conclusion to the single tip desorption

These experiments were very useful for understanding the physics underlying the
field desorption studies using array structures to be discussed in the next Chapter.
It has been found that the hydrogen promoted metal desorption is a problem, but
it has also been shown that field desorption of deuterium can be done while metal
desorption is avoided. The exact conditions to do this reliably remain to be found.
The key to reproducible and consistent experiments was the cleanliness of the tip
and the vacuum system as the deuterium adsorption/desorption process is highly dependent on the chemical composition of the tip surface. For this reason, experiments
at liquid nitrogen temperature where contaminant diffusion is minimized were easier
to conduct than experiments at room temperature.
The absolute number of desorbed ions remain to be measured, but a promising
calibration technique using titanium evaporation has been found.
There are three key issues that require further investigation:

• Measure the absolute number of desorbed deuterium ions. Detector gain calibrations can be improved and simplified by using electron emission, rather than
metal desorption. Furthermore the desorption experiments should be redone
at detector settings similar to the ones where the titanium calibration is possible. This should improve the absolute calibration to a point where numbers
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can be given easily. Revisiting these experiments should not be hard nor time
consuming as long as the tips are kept clean, as described.
• Determine the conditions for reliable deuterium desorption without metal desorption.
• Investigate methodologies to increase the quantity of desorbed deuterium ions.
Long term experiments might be able to address these points. While initially
metal ions are removed, one might be able to reach a tip shape at which only deuterium gets removed after very many desorption pulses. Similarly one could field
evaporate the tips in hydrogen, before attempting the pulsing. This might lead to
advantageous tip shapes, and hence to deuterium desorption without the metal. If
it is not possible to reach this point, it would be interesting to know how much deuterium can be desorbed from a tip before the tip shape changes enough to impact
source operation.

49

Chapter 5
Microfabricated arrays

5.1

Introduction to microfabricated arrays

As discussed in the introduction many emitter tips are needed to produce the deuterium ion currents required for neutron production rates that are practical for a fieldable system. Microfabricated arrays of tips have been used successfully for decades as
field electron emission cathodes. These arrays were invented by and are being built
by our collaborators at SRI. To the best of our knowledge, the following experiments
were the first in which such arrays of tips were used for ion desorption.
Electron emission becomes readily detectable at electric fields of Fe ≈ 0.25 V/Å
whereas the fields required for ion emission are roughly ten times greater. Thus
the existing electron emission arrays had to be modified to withstand the higher
fields. While the operating fields for microfabricated arrays have been increased
substantially further work is required if their application to deuterium ion sources
is to be realized. Our group was involved in the design of the ion arrays but was
not involved in their actual fabrication. However, we were responsible for most of
the testing and this chapter focuses on that aspect of array development and the
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resulting first observations of ion desorption from these arrays [61].

5.2

Array operating field requirements

To achieve the highest ion currents the largest possible tip area and highest possible
tip packing density are required. First however, the principles of field desorption
using microfabricated arrays must be demonstrated. The array development effort
has therefore focused on achieving the required electric fields at the tip surfaces of
the arrays.
It is known that deuterium desorbtion as ions from metal surfaces occurs at ∼ 2.5
V/Å . Hence this is the absolute lowest limit required for array operation. Actually
experiments performed with single metal tips suggest that fields > 3.5 V/Å would
be beneficial for the deuterium desorption, see Chapter 4.
High electric fields are not only necessary for the deuterium desorption, but could
be useful for cleaning the surface of the array tips. Experiments with single etched
wire tips as well as arrays have shown that clean metal tips are required for the
operation of this deuterium ion source. Most common surface contaminants can
prevent the adsorption of deuterium. Just as the deuterium is desorbed in high
fields surface contaminants can also be removed in this way. Ultimately one would
like to apply fields just at the metal desorption field to clean the tip surfaces. While
there are other methods of cleaning the arrays, this is the most reliable method.
As the arrays are made of molybdenum tips, a field of ∼ 4.5 V/Å is required for
evaporation of the tip surfaces.
Field desorption depends exponentially on the applied electric fields and hence
small differences in tip radii between the different tips of a single array can make large
differences in the deuterium currents. To reach the highest deuterium ion currents
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possible one wants every tip to operate at its maximum desorption current. This
can only be achieved if the field at each tip is identical at a given applied voltage.
This emission uniformity is not achieved during the deposition of the tips. Field
desorption has the unique capability to evaporate the tips until each tip is at an
identical field for a given applied voltage, by blunting the sharper tips. For this even
higher voltages have to be applied to the arrays than for the cleaning or deuterium
field desorption.
For these reasons it is probably absolutely necessary to reach electric fields of
∼ 3.5 V/Å and very desirable to reach fields of ∼ 4.5 V/Å at each tip. Field
desorption is temperature dependent and if necessary, the array temperature could
be increased to facilitate cleaning and tip shaping. Field evaporation is usually not
performed above room temperature and the dependence of the evaporation fields on
temperatures exceeding room temperature are not available, however, interpolating
data from 77 K and 290 K to higher temperatures with equation: 1/F = b + cT 1/2
presented in [12] should give a good estimate. Using the field evaporation fields of
molybdenum 4.5 V/Å (3.9 V/Å ) at 77 K (290 K) [28] one finds that the field drops
by ∼ 15 % to 3.25 V/Å for field evaporation at 900K.

5.3

Electric field calibration of array tips

It is important to quantify the magnitude of the electric field achieved at the array tip
surfaces because this gives direct feedback about what impact design changes have
had on array performance. In addition, such knowledge allows one to estimate what
ion species might be observed at a given operating voltage. Unfortunately as field
evaporation fields cannot be achieved, the known evaporation field for molybdenum
cannot be used. Similarly, ion imaging of the surface is convoluted by the presence
of multiple tips making estimates of best imaging fields impossible. Therefore we
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have used two alternate approaches to calibrate the fields which use the onset fields
for, 1) Electron emission, 2) and field ionization.

5.3.1

Electron emission onset fields

This was the most frequently used. As mentioned above the electron emission signal
can be used for a simple but rough electric field calibration. Using the FowlerNordheim equation and some knowledge about the tip surface material one can
estimate the applied electric field necessary for electron emission. This in return
gives a relationship between the applied voltage and the electric field at the emitter
tips. The electron emission increases exponentially with applied voltage and there is
no exact value for when it begins as it is a continuous function. We chose a current
of 5 µA to define the onset of electron emission. With arrays the onset of electron
emission was typically observed between 40 V and 100 V. It is known that for the
molybdenum tips this corresponds to a field of 0.2 to 0.3 V/Å . When combined
with the measurements of the onset of field ionization discussed below, this field was
very close to 0.25 V/Å .
Note that due to the sensitivity of electron emission fields to surface contamination through the work function dependence, care is required in field calibration.
While the tips are known to be made from molybdenum there are always some oxides, hydrides, carbides or even some residuals from the array fabrication process on
the surface. All of these have potentially different work functions and impact the
field required for a given emission current. During surface cleaning of the arrays by
for example, heating, plasma cleaning or high voltage desorption, the onset voltage
of electron emission can decrease by as much as ∼ 30 %.
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5.3.2

Field ionization onset fields.

Field ionization is relatively insensitive to the chemical composition of the tip surface.
Gas phase ionization requires relatively high fields. For example gases such as helium
and neon require fields in excess of 2 V/Å to produce currents visible with our
detector and such fields are not accessible with existing arrays. However, a convenient
gas for us to use is hydrogen which at liquid nitrogen temperature produces H2+ (or
D2+ ) ions at ∼ 1.5 V/Å and by 2.5 V/Å produces mainly H + (or D+ ) ions by
dissociation of the parent H2 (D2 ) molecule. Again, as with electron emission, there
is no distinct onset to ion emission. However, prior experience has shown that pA
type emission currents are visible on the detector system at fields of ∼ 1.5 − 2 V/Å
These threshold ionization fields could typically be achieved by the arrays.
The field calibration results from gas phase ionization and electron emission experiments were reasonably self-consistent, and thus the onset of electron emission
was most often used as this was the straightforward measurement.
Clearly when higher fields can be accessed with the arrays the use of several
imaging gases will provide more data points for determining the field-voltage proportionality factor for the arrays.

5.4

Array breakdown mechanisms

Fields in excess of ∼ 2 V/Å typically induce electrical breakdown of the arrays
which can result in permanent array damage and in some cases array inoperability
due to electrical shorts. The identification of the breakdown mechanisms is crucial if
further improvements to the array operational voltage are to be made. This Section
will focus on the fundamental breakdown mechanisms of vacuum, surface, and bulk
breakdown or mechanical stress induced failures. Failure due to fabrication issues
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such as pinhole defects in insulators or the presence of debris although important in
some cases appear to be of secondary importance to the fundamental mechanisms.

1. Mechanical stress induced failure: Etched wire molybdenum tips are well characterized under the stress of electric fields capable of desorbing molybdenum
ions. The molybdenum tips in the arrays are not. They are vapor deposited
and likely have more impurities and a much smaller grain size than the etched
wire tips. It is possible that the mechanical stress due to sufficiently high electric fields destroys the tips. If this is an issue the tip deposition technique
might have to be improved or different materials need to be chosen.
2. Surface breakdown: A current develops along the surface of the insulator,
separating the two high voltages. Often impurities on the surfaces facilitate
this type of breakdown. But even under ideal conditions the triple point can
start emitting electrons which charge the surface of the insulator. The triple
point is the point at which the high voltage electrode touches the insulator and
the vacuum. Once charged a current can flow.
3. Vacuum breakdown: The voltage breaks down between the electrodes through
vacuum. For a given electrode geometry and separation, vacuum breakdown
requires about ten times the voltage of surface breakdown. In its most fundamental form vacuum breakdown is initiated by electrons field emitted from
the negative electrode. For a known electric field and material the electron
emission current can be calculated with the Fowler-Nordheim equation. For
sufficiently large current densities the material heats up under the surface by
Joule heating (the surface is cooled by radiation) until a molten core in the
emitter explodes. Even small injections of material compromise the vacuum, a
plasma is formed, and current flow between the electrodes is initiated.
4. Bulk breakdown: This is the electrical failure of the insulator. It occurs, for
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identical electrode geometry and separation at about ten times the voltage of
vacuum breakdown. There are a variety of possibly responsible mechanisms,
which depend on the type of insulator. Essentially electron impact ionization
initiates avalanching and current flow in the dielectric.

5.5

The design of ion desorption arrays

Typically micro fabricated arrays are build for electron emission which occurs at
electrical fields of ∼ 0.25 V/Å . These fields are at least 10 times smaller than what
is estimated to be necessary for the neutron production with arrays. Using standard
Spindt-type field emitter arrays fields in the ion desorption polarity only reached 0.7
V/Å before being limited by electrical breakdown. The different possible breakdown
mechanisms and their relative likelihoods are described in Sections 5.4 and 5.8.
Improvements to the array design to prevent electrical breakdown have allowed
for the application of average fields of 2.0 V/Å and occasionally 3.0 V/Å . In Figure
5.1 the key changes made to the array design are shown.
The improvements involve several design aspects. First, the overall dimensions
of the array have been increased, including the thickness of the oxide between the
gate and the base electrodes. This significantly reduces the possibility of bulk and
surface breakdown. Increasing these dimensions required putting the tips on posts, a
technique developed for these studies. The tip on post geometry is shown in Figure
5.1b. The gate radius was also increased to lower the field at the gate and mitigate
electron emission from the gate. While lowering the field at the gate, increasing the
size of the arrays also lowers the fields at the tips. However, simulations performed
at Idaho National Laboratory by D. Chichester, have shown that these changes
decrease the field at the gate more rapidly than at the tips, so if one can support the
increased operating voltages required, operation in the ion emission mode should be
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Figure 5.1: SEM micrographs of different microfabricated arrays. The images were taken
at SRI. (a) The original electron emitter arrays. (b) through (d) show arrays redesigned
for ion emission applications.

possible. This size increase did not descrease the tip packing density significantly
(∼ 107 tips/cm2 ).

The field at the gate is further lowered relative to that at the tips by including
a dielectric shield made of Si3 N4 under the gate electrode as shown in in Figure
5.1b-d. It is expected and simulations confirm this, that breakdowns are initiated at
the triple point where the gate meets the insulator and the vacuum. The shielding of
the triple point from line of site to the tip has greatly increased the array operating
voltage. However, breakdown from this point is still limiting the array operating
voltage.

With the aforementioned improvements the arrays could reliably achieve fields of
∼ 2.0 V/Å and applied voltages between the gate and tip of ∼ 800 V.

57

Chapter 5. Microfabricated arrays

5.6

Preliminary qualification of array performance

As described in the introduction the arrays were subjected to a preliminary test to
determine threshold voltages for field electron emission and whether the required
operating voltages (fields) for ion emission could be achieved. This was done with
a half-wave rectified 60 Hz ac signal. Potential problems such as electrical leakage
between the gate and tip electrodes and determination of the maximum sustainable
voltage (field) can be evaluated in this way. In this Section both aspects and the
experimental implementation are discussed.
Electron emission in ac mode is checked by applying the half-wave rectified 60 Hz
ac voltage to the base of the arrays, while the gate is kept at ground. The CEMA
is the collector and is kept at +300 V. The current between base and collector and
the current between base and gate is measured on an oscilloscope as the ac voltage
is increased. This is a simple check for basic operation, providing the magnitude of
gate-to-base currents and the electron emission threshold voltage. A typical electron
emission signal from an array is shown in Figure 5.2.
In Fig. 5.2a one can see the exponential onset of electron emission. This is a
first indication of a functional array and provides a crude electric field calibration.
Fig. 5.2b shows the current between gate and base which should be zero for properly
operating arrays. The array has a significant capacitance and hence the 60 Hz voltage
leads to a charging and discharging of this capacitor with the appearance of the loop
in Figure 5.2. For a damaged array the gate-to-base current will be non zero and the
shape of the curve indicates whether the current is resistive (i.e. leakage current) or
Fowler-Nordheim (i.e. intercepted electron emission current) in character.
Since micro fabricated arrays are commonly used as electron emitters the ion
source arrays mostly passed these tests. These diagnostics were also used on the
arrays after TOF and/or cleaning experiments to determine whether or not electrical
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Figure 5.2: A typical ac electron emission signal from an array. (a) The electron current
emitted from the base (tips) to the detector as a function of gate-to-tip voltage and (b)
The gate-to-tip current (zero in this case) as a function of gate-to-tip voltage.

characteristics (electron emission I-V, gate-to-base leakage) had changed and if so to
what degree.
In addition to the array tests using ac voltage to measure the electron emission
characteristics, ac tests operating the tips positive with respect to the gate were also
conducted to see if the onset of electron emission from the gate could be detected
and determine the expected maximum operating voltage. As this polarity allowed
for higher applied voltages than did operation in the opposite polarity (which was
limited by excessive electron emission from the tips) electrical insulation between
the gate and base was tested to higher field strengths before TOF studies. Note
that the electrical breakdown voltage for the arrays, as in essentially all breakdown
phenomena, decreases as the duration of the voltage pulse decreases, thus the arrays
tend to breakdown with the ac experiments at lower voltages than with the short
desorption pulses. Present ac testing was limited to +450 V and with the best arrays
no leakage current between gate and base was observed at this voltage. Recently this
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voltage was increased to ∼ 1000 V ac.

5.7

Pulsing

After initial testing with ac currents, see Section 5.6, the majority of the analysis of
each array was performed with 20 nanosecond duration desorption pulses and time
of flight measurements (TOF), similar to the single tip studies described in Chapter
4.

5.7.1

TOF and short tip-to-gate electrode distances

When using arrays the flight time in the ion acceleration region is much shorter than
with the single tips. Because the tip to gate distance is in the order of ∼ 1 µm, ions
p
desorbed with a 500 V pulse leave the acceleration region in only τ ≈ 6 × m/q
p
picoseconds. m/q is a unitless mass-to-charge ratio and for a proton equal to one.
The desorption pulse has a length of 20 ns and a risetime of a few nanoseconds. This
means that the ion species could be accelerated during the risetime of the pulse.
In TOF experiments using single tips, ions gain an energy equal to their charge
times the pulse voltage because the time the ion spends in the acceleration region
(which is several mm in extent) is long compared to the duration of the voltage pulse.
However with arrays the ions could be desorbed and leave the high field region before
the pulse reaches its maximum amplitude and hence not gain the expected energy.
Due to potentially different evaporation fields of different surface species they could
be desorbed at different voltages and hence gain different energies. Since the ion
energy is used for their identification this could cause problems with the analysis of
the TOF spectra. This effect could become worse with larger pulses and the more
the pulse overshoots the field required for field desorption.
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In practice however the ion energy has to be adjusted slightly to fit the masses to
their expected flight times, but ions were still identifiable. As with any TOF experiment, the more massive the ions the harder their identification as mass resolution
decreases with decreasing charge to mass ratio. Here the single tip experiments were
of great value, because we knew which ions to expect.

5.7.2

TOF results

Atom probe studies of as-fabricated arrays, i.e. those that had undergone no postfabrication treatment except hydrogen firing and storage in vacuum until use [9],
typically showed a wide variety of surface adsorbates. Figure 5.3 is an example of
a mass spectrum showing some of the commonly observed species such as, massto-charge ratios of 1 (H + ), 12 (C + ), 18 (H2 O+ ), 24 (C2+ ), and 32 (S + , O2+ ). Other
commonly observed species were 16 (O+ ) and 28 (CO+ ). The presence of compounds
containing H, C, O, and S on metal surfaces exposed to the atmosphere and subjected
to only a mild vacuum bakeout (∼ 200 ◦ C ), are not unexpected [9].
Adsorbate removal by heating in vacuum could yield predictable results, see Figure 5.4. In this example, the initial desorption spectra, taken following installation
in vacuum and system bakeout, showed the presence of H2 O (18) and CO (28).
After heating in vacuum at ∼ 860 ◦ C for 40 Min. the level of H2 O has decreased
significantly while the level of CO has remained essentially unchanged. This is consistent with the fact that CO is only totally removed from M o at temperatures above
∼ 1400 ◦ C , as has been confirmed with experiments on single tips and described in
the literature.[5] Typically, longer heating times (> 10 h) at temperatures of ∼ 800
◦

C are required to clean the tip surface sufficiently to allow for the adsorption of

deuterium.
Figure 5.5 shows a spectrum from an as-fabricated array in an atmosphere of
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Figure 5.3: Common surface contaminants removed by field desorption from as-fabricated
arrays. The applied electrical field is estimated to be 1.7 V/Å .

10−5 Torr D2 , at an applied field of ∼ 1.6 V/Å where H, H2 O and C are observed.
The source of H is as yet unclear. At times spectra containing only H + are observed
from the as-fabricated arrays suggesting desorption of hydrogen adsorbed from the
residual gas atmosphere of the vacuum. When observed with the carbon, dissociation
of some hydrocarbon species cannot be ruled out. Additional experiments are being
conducted to determine the source of hydrogen in various circumstances.
Figure 5.6 shows the TOF spectrum from the same array in 10−5 Torr of D2 after
heating in vacuum for 12 h at ∼ 780 ◦ C . A significant atomic deuterium peak is now
observed. Apparently the level of surface contamination present on the tips of the
as-fabricated array inhibited the adsorption of deuterium [5]. This is not surprising,
as adsorbate replacement processes are governed by sublimation energetics and the
binding energy of hydrogen is lower than species such as H2 O and CO, for example.
To confirm the deuterium peak was due to desorption and not gas phase field
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Figure 5.4: The removal of H2 O by heating the array in vacuum. Time of flight spectra
of an as-fabricated array and the array after heating in situ to 800 ◦ C for 40 Min. While
C ++ has frequently been observed with single tip experiments, it is expected that higher
fields than used here are necessary for its formation. That is why a question mark is placed
at this mass. The applied electrical field is estimated to be 1.9 V/Å .

ionization of deuterium, the gas was evacuated to 10−9 Torr and additional spectra
accumulated, as shown in Figure 5.6. There is only an initial slight decrease in the
height of the atomic deuterium peak, consistent with desorption of deuterium from
the tip surfaces. If the majority of the signal was due to gas phase ionization the
peak height would decrease dramatically as the result of such a large decrease in
deuterium partial pressure. Prolonged pulsing decreases the size of the deuterium
peak, as is expected when desorbing deuterium.
According to field desorption studies of deuterium from single etched wire tips,
see Chapter 4 or e.g. [9], the desorption of deuterium should occur at fields on the
order of 3 V/Å . In the case of the arrays, desorption is observed at fields of ∼ 2
V/Å . The reduced field required for desorption could be due to the presence of
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Figure 5.5: TOF spectra of surface contaminants on an as-fabricated array in a partial
pressure of 10−5 Torr of deuterium gas. The applied electrical field is estimated to be 1.3
V/Å .

residual surface contamination onto which the deuterium is adsorbed. As we have
only heated the arrays to temperatures of ∼ 800 ◦ C and not yet achieved fields
sufficient to field evaporate the tip surfaces (∼ 4 V/Å for molybdenum) the presence
of residual surface contamination is expected.
Following the accumulation of the spectra associated with Figures 5.6 and 5.6,
the array was allowed to remain in UHV for approximately 5 days. After this time
period desorption spectra at ∼ 2 V/Å and 10−5 Torr D2 were then dominated by
the presence of CO, see Figure 5.7. This is not surprising as CO typically has a
significant partial pressure in baked stainless-steel chambers [19] with ion gauges,
and would accumulate on the surface at the expense of hydrogen (or its isotopes)
[5]. Note that these data also confirm that the deuterium signal shown in Figure
5.6 is due to desorption and not field ionization, as deuterium signals were now not
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Figure 5.6: Observation of field desorption of deuterium. Time of flight spectra of the
array used in Figure 5.5 after heating to 860 ◦ C for 12 hours in vacuum. Initial spectra
taken in 10−5 Torr of deuterium gas, and subsequent spectra taken after evacuation of the
deuterium gas.

observed under similar applied fields and gas pressures.
It is clear that surface contaminants can inhibit the adsorption of deuterium onto
the tip surfaces, a phenomenon that is also in agreement with our studies on single
etched-wire molybdenum tips and such processes generally [9]. Such contaminants
can reach the high field region of the tip surfaces either by adsorption from the gas
phase or by diffusion from the tip shank to the high field region. In the case of
CO adsorption shown in Figure 5.7, the time required to accumulate the material is
consistent with adsorption from the gas phase, here 150 h at 10−10 Torr. We assume
a standard partial pressure of ∼ 10−11 Torr of CO and an initial sticking probability
of ∼ 1 [31], meaning that ∼ 100 hours are required to form a monolayer of CO.
There are cases where surface diffusion is the major cause of contaminants ap-
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Figure 5.7: The accumulation of CO in the high field region of the tip surfaces with time.
Time of flight spectrum of the array used in Figures 5.5 and 5.6 operating in 10−5 Torr
of deuterium gas after being at 10−10 Torr for 150 hours. The applied electrical field is
estimated to be 1.9 V/Å .

pearing in the high field region. In this process, contaminants are first removed by
field desorption. The resulting contaminant concentration gradient drives surface
diffusion to repopulate the high field region with contaminants present on the shank
region of the tips. Note that contaminants can also be drawn to high field regions
by the field gradient (i.e. polarization forces).
Figure 5.8, shows an inverse relationship between the pulse frequency and the
amount of contaminants desorbed from the tip apices. The spectrum was taken at
an operating pressure of 1 × 10−9 Torr (consisting of principally D2 ) and the pulse
frequency varied from 10 to 0.1 Hz. With monolayer formation rates due to adsorption from the gas phase at a maximum of ∼ 104 s/monolayer (for D2 with a sticking
probability of ∼ 0.1 on clean molybdenum) no significant adsorption should occur on
time scales of 0.1 to 10 s. Thus it is reasonable that the observed changes in contam-
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inant levels shown in Figure 5.8 are due to surface diffusion. Similar experiments [18]
conducted at 77 K show a decreased contamination rate, also consistent with surface
diffusion processes. Note that the trend observed in Figure 5.8 also rules out the
possibility that a significant fraction of the species observed were produced by gas
phase ionization. If there was a significant component due to gas phase ionization,
the intensity level of the ions observed would not vary with the pulsing rate.
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Figure 5.8: Surface diffusion of adsorbates into the high-field region of the tip surfaces.
TOF spectra show the variation in the quantity of the species observed as a function of
delay time between pulses (V = 425 V, F = 1.9 V/Å ).

5.8

Identification of Breakdown processes

A combination of techniques allows for a relatively accurate identification of the
breakdown initiation mechanisms that limit the operating fields of the arrays. This
information is of course of great help when it comes to designing the arrays to
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suppress such mechanisms. To date the array operational voltages have primarily
been limited by electron emission from the gate into the tip.
The results of breakdowns are diverse. In the experiments small events have
been identified without noticeable performance difference before and after the event.
This could happen by for example vacuum breakdowns, which destroy single tips,
surface breakdowns ”burning off” a sharp edge on a gate or even the explosion of
a single sharp tip. Such an event would result in the loss of a single tip element
and will likely not be noticed until subsequent optical microscope or SEM autopsy
of the array. During the pulsing experiment some pulses (often only a single pulse)
give unusually large signals on the detector - most often ions accompanied by some
electrons. Electrons usually arrive significantly earlier than the lightest ions and
hence can be easily identified. These signals are believed to correspond to events such
as those just described and after a few more pulses very often the array continues
to perform as if the breakdown has never occurred. However, it is not clear that
each breakdown triggers similar events and that each breakdown can be detected. In
these weak breakdown cases a weak magnetic field (∼ 20 Gaus) applied from outside
the vacuum system is usually enough to completely deflect the incoming electrons
from the detector.
However, often there are cases where the array performances changed after breakdowns and TOF spectra prior to the breakdown cannot be recovered. In many cases
the subsequent mass peaks could no longer be identified, see Figure 5.9 and instead
continuous breakdowns are observed. These dominantly yielded secondary electrons.
In these cases, often so many electrons were generated that they could not entirely
be deflected from the detector with the standard magnetic field as discussed above.
Once this occurred, the array had typically suffered serious damage as was often
confirmed by subsequent observation in an optical or electron microscope.
The breakdown processes as described above are generalizations and typical of
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Figure 5.9: A TOF spectra after severe damage has been done to an array. These spectra
contain an electron signal from electron emission and or secondaries. In most of these cases
TOF mass spectra are uninterpretable.

what is observed. Once significant array damage has occurred, breakdown events
often become more frequent and the application of much more voltage is not possible.
Very often, observations in an optical microscope can show severe damage as
shown in Fig. 5.10.
If less severe damage has occurred, observation in a scanning electron microscope
(SEM) is required. Figure 5.11 shows SEM images representing similar damage as
seen under the optical microscope, see Figure 5.10.
The identification of the cause of breakdown events initiated by TOF experiments
has provided key information required for improvement of array operating fields
(voltages). Experiments to date have shown that breakdowns have not been initiated
by the tip yielding under the stress of the high electric field. Not only is such a failure
mechanism not consistent with high resolution SEM images of damaged arrays, but
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Figure 5.10: Typical optical micrographs of two arrays showing different degrees of damage. The equidistant circles with the dots in the middle are the intact gates with their tips.
There is extensive damage visible to the gates of array (a). It is not clear if the tips are
still intact. (b) shows less severe damage to the gates. In the TOF experiments damage as
extensive as shown in (a) can easily be detected. Damage as shown in (b) can be detected
but often these arrays ”behave” normally during the TOF experiment.

if this was an important effect such damage would occur at similar field strengths
and not similar applied voltages. Observations to date show that damage is more
related to the applied voltage as opposed to the field at the tip.

Figure 5.11: SEM micrographs of damaged arrays. (a) A severely damaged array where
in some regions the gate and the dielectric layer have been removed. (b) Damage to only
one tip and its surroundings. Arrays with damage as shown in (b) could be operated in
TOF experiments without noticing this damage. One can see the tip was melted and X-ray
energy analysis has shown that splattered material is tip material. The images were taken
at SRI after the array has been tested at UNM.
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Also consistent with the conclusion that tip mechanical failure is not a major
cause of breakdown events is the behavior of the electron emission characteristics of
the array before and after a breakdown event on the TOF mode. In an array each tip
is slightly different from the others. At the onset of field electron emission only the
sharpest tips are emitting electrons. These tips should yield first in reverse polarity
if the field at the tips is responsible for the breakdowns. As a result one should find
that the voltage required to achieve a given electron emission current increases after a
breakdown event, because now less sharp tips must supply the emission current. This
has not been observed often the electron emission onset voltage remains unchanged
after breakdown events.
Lastly we note that some SEM images taken of damaged arrays show holes in
the dielectric layer between gate and tip, see Figure 5.12. In these cases the problem
clearly originates at the gate, as tip initiated breakdown would not focus energy on
the gate to this extent.

Figure 5.12: SEM image of a damaged array showing a hole punched through the dielectric
layer by electrons emitted from the gate. The hole is marked with an arrow. The image
was taken at SRI after the array has been tested at UNM.

As described in Section 5.4 there are 3 different options for gate initiated break-
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down including bulk, surface, and vacuum breakdown. Images such as that shown
in Fig 5.12 are clear evidence that, at least in many case, breakdown is initiated at
the triple point. Presently arrays are being fabricated with high dielectric insulator overcoating the gate to suppress emission from the triple point and increase the
gate-to-tip field ratio.
In conclusion, one experimental artifact is worthy of noting in its relation to array
damage. As described in the Appendix C.1, a positive pulse can yield a significant
negative reflection due to impedance mismatches. If this reflection produces a voltage
sufficient to induce field electron emission from the array damage to the array can
result. This can be suppressed by the application of a dc voltage to the array as this
results in the use of smaller pulsed voltages and reflections. However, the application
of large dc voltages is not desirable, because the potential of array damage due to
breakdown events, which as discussed earlier occur at lower dc voltages than pulsed
voltages. Thus in practice modest dc voltages must be combined with acceptable
pulsed levels.

5.9

Conclusion

Atom probe studies of field emitter arrays have been conducted for the first time. To
date, pulsed voltages applied to the microfabricated tip arrays have been typically
limited to to ∼ 700 V to 800 V, corresponding to ∼ 2.0 V/Å due to electrical
breakdown. In a very few cases higher fields of ∼ 3 V/Å were achieved.
The desorption of atomic deuterium at room temperature from microfabricated
tip arrays has been observed. Atomic deuterium is often accompanied by the desorption of other mass species involving compounds of carbon, oxygen and hydrogen.
Surface contamination caused by either diffusion along the shank of the tips or adsorption from the gas phase may be having a significant impact on the spectra.
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Cleaning procedures such as field desorption and heating in vacuum to temperatures
of the order of 800 ◦ C significantly reduce the observed levels of contamination.

5.9.1

Future work

There are still aspects of arrays and their treatment that should be improved. Most
importantly the fields that can be applied to the tips must be increased. Presently
dielectric overcoating of the gate electrode is being investigated as a means of increasing the tip-to-gate electric field ratio. Besides array design post fabrication aspects
of array treatment such as heating to temperatures > 800 ◦ C and hydrogen plasma
treatment should be further investigated.
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Titanium film evaporation

6.1

Introduction to titanium coated tips

Titanium coated tungsten tips have been used for field evaporation experiments.
Titanium is a hydrogen occluder and hydrogen (or its isotopes) can be taken into
normal bulk titanium with a ratio of two hydrogen atoms per titanium atom. Hence,
with the field evaporation of several deuterated atomic layers as single ions a significant deuterium ion current can be achieved with a single pulse. This can be many
times larger than what can be reached with the field desorption source discussed
earlier. This approach to deuterium ion generation has, relative to the desorption
approach, the significant advantage of being less sensitive to surface effects. While
the goal is again implementation of the source with micro array structures, most of
these preliminary experiments are performed with single tips in order to understand
the underpinning physics. A few pilot experiments have been performed on arrays
and are discussed at the end of this Chapter.
The most natural choice for this kind of ion source would be tips completely
made of deuterated titanium. However, T iD2 is known to be very brittle and earlier

74

Chapter 6. Titanium film evaporation
experiments performed by P.R. Schwoebel with titanium tips indicted that they
regularly yielded under the field stresses associated with field evaporation. The
brittleness of deuterated titanium is the rationale behind the present approach of
coating a tungsten tip with titanium and deuterating only this film. Tungsten tips
were chosen, because they are easily fabricated and mechanically very strong. In
addition tungsten is straightforward to clean, has a high melting point (3680 K)
and field evaporates at very high electric fields (5.4 V/Å ). These characteristics
impart several advantages including the fact that titanium can be removed from the
tungsten by either heating or field evaporation, without modifying the tip so it can
be used for many experiments.
There are many interesting aspects and open questions when investigating the
field evaporation of such a film. The most interesting and maybe important questions,
from a deuterium ion source point of view is, is it possible to controllably field
evaporate the film as ions and if so, how many deuterium ions are produced for a
given mass of film removed. We will see that multilayers of deuterated film can be
removed controllably in a single pulse.
Several important aspects of source implementation had to be worked through.
First, a reliable means of titanium deposition and hydration had to be found, which
includes controlling the mass of titanium deposited. This was achieved using field
ion microscopy. Field ion microscopy also revealed an unusual bcc crystal structure
assumed by the titanium films and this was analyzed in detail. The use of the
detector system had to be rethought because of the large number of ions incident
on the detector in a short amount of time. The large number of ions produced also
introduced interesting results likely explainable by space charge effects.
The experiments were performed with the same vacuum system and equipment
used for the single tip desorption experiments. Some changes were made to accommodate titanium deposition, which was performed in situ. Amongst other consid-
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erations specific to the titanium experiments this is described in the experimental
Section 3.2 and in the Appendix B.
Some of the data presented here has been published [56] and another paper is in
preparation.

6.2

Results and discussion

6.2.1

Titanium crystal structure

Ion imaging has shown that the complete titanium film overlays the tungsten substrate pseudomorphically with a body-centered-cubic (bcc) crystal structure, independent of the tip temperature, the hydration level, or whether the film was subsequently annealed. The < 110 > orientation of the tungsten substrate is retained
by both titanium and deuterated titanium films. The [110], [111] and [211] planes
were often seen to be aligned with the underlying corresponding tungsten planes.
Sometimes even higher index planes like [310] or [311] were seen to overlay their
tungsten counterpart. This pseudomorphic growth is not expected because titanium
is hexagonal-close-packed (hcp) up to ∼ 890 ◦ C only at which point it transforms to
a bcc structure.[41]
An example of the pseudomorphic bcc structure is shown in Figure 6.1. Fig. 6.1a
shows the tungsten tip substrate having the (110) plane slightly off-center. Fig. 6.1b
and c show the as-deposited very clean titanium film, and an annealed titanium film
respectively. The off center tip was convenient because the pseudomorphic structure
can be seen even over a larger range of crystal planes - even the usually not visible
[100] plane can be seen in the titanium film in 6.1 (b). In this particular example the
[111] and [211] planes are not very pronounced yet in many case these planes are also
clearly visible. The image in Fig 6.1 (b) is of a very clean titanium film evidenced
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by the fact that TOF experiments under similar conditions have shown that there
are only small traces of hydrogen left in films deposited under similar conditions, see
Section 6.2.3 Figure 6.6.

Figure 6.1: Images of a tungsten tip coated with titanium, at liquid nitrogen temperature.
(a) The tungsten tip substrate imaged in helium at 4700 V. (b) Image of an as-deposited
clean titanium film imaged in neon. This is the 20th layer (counted from inside) out of 26
layers total.(c) A neon image of the first layer of an annealed titanium film.

Figure 6.1 (c) shows a neon image of the surface of a titanium film following
annealing to ∼ 900 K. Again the bcc structure is evident. Many annealed films
have been imaged with similar results independent of both how much deuterium
was present before the annealing and of the annealing temperature up to ∼ 900 K.
Heating the tip to temperatures significantly above 900 K, resulted in excessive loss
of titanium, probably due to diffusion onto the shank. Note that temperatures in
excess of 700 K should remove the hydrogen titanium films.[6] This experiment is
another clear indication that very clean hydrogen free titanium films on tungsten
are pseudomorphic. We note that the surface of unannealed films was atomically
rough and clear images of the underlying crystal structure required evaporation of
the topmost 2 to 3 layers. However with annealed films the crystal structure was
clearly visible in the topmost layers. After the removal of the first layers no difference
between the annealed and as-deposited films could be found by ion imaging.
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Deuterated films also showed the pseudomorphic bcc structure. Deuterated films
often yielded more clear images and qualitatively evaporated more smoothly than did
the clean titanium films. Figure 6.2 shows an example of a deuterated film imaged
in deuterium at liquid nitrogen temperature. The deuterium promotes the titanium
desorption and hence some evaporation occurs during imaging which degraded photographic images relative to what was observed by eye. Similar experiments have
been performed at room temperature and the bcc structure has also been found.
The structure at room temperature was not photographed successfully because the
further reduction in evaporation field associated with room temperature operation
meant that rapid field evaporation degraded the image quality with all image gases
used (neon, deuterium, argon).

Figure 6.2: Images of a tungsten tip coated with deuterated titanium at liquid nitrogen
temperature. (a) The original tungsten tip imaged in helium at 6500 V. (b) and c) show
images of a deuterated titanium film taken when imaged in deuterium at different levels in
a 15 layer titanium film.

The films with the clearest pseudomorphic character were observed following
deposition of clean and deuterated films onto a very clean (heated to ∼ 1200 ◦ C and
subsequently field evaporated) tungsten substrate. With contaminated tips the film
structure was unclear in field ion images. Qualitatively, image quality also appeared
to be better when films were at least slightly hydrated. The pseudomorphic structure
has been found under all conditions explored and was retained up to film thicknesses
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of 77 monolayers, the thickest layers imaged to date.
Interestingly, tungsten is body-centered-cubic (bcc), titanium is hexagonal closepacked up to ∼ 890 ◦ C where it transitions to body-centered-cubic, and titanium
deuteride has a face-centered-cubic (fcc) fluorite type structure. The pseudomorphic
behavior of titanium on tungsten for coverages up to 4 monolayers has been reported
in the past [2], [8], however in the present experiments this pseudomorphic behavior
was observed for at least 77 monolayers. This difference may be due to the more
thoroughly cleaned and atomically smooth tip surface provided by thermal heating
and field evaporation in the present experiments. In addition the apparent formation
of deuterated titanium thin films with the titanium in a bcc type crystal structure
appears to be a new observation. Another study [64] suggests different crystal structures depending on the hydration of the film, with a fcc structure for a hydrated
film and no identifiable structure for the clean titanium films. However this film has
been prepared differently (using a lift-out method) from the films studied here which
could possibly lead to a different structure. While ion imaging was also used in the
prior study [64], there was no direct comparison between titanium and underlaying
tungsten substrate.
The lattice constant of bcc tungsten is known to be a0 = 3.160 Å and the lattice
constant of bcc titanium at 900 ◦ C is given to be a0 = 3.3065 Å [52]. The titanium
lattice constant is hence ≈ 4.4 % different from the tungsten one. This small difference is certainly consistent with the possibility of pseudomorphic growth of bcc
titanium on tungsten.
This crystal structure might impact the ratio of deuterium to tungsten that can
be achieved in a bulk hydrided film. Normal bulk titanium is known to form T iH2 in
a fluorite structure. The chemical composition of a thin film of hydrided bcc titanium
is not known. One would suspect that T iH is the stable form as is the case with
the stable high temperature form of hydrided bcc titanium. It is known that a bulk
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bcc titanium structure can be observed even at lower temperatures than ∼ 890 ◦ C if
hydrogen is added to this system.[65], [40] The lowest temperatures reachable while
remaining in the bcc phase is 300 ◦ C with an atom percent of hydrogen of about 40
%. This temperature is still higher than what is observed here, but it shows that
titanium hydride prefers the bcc phase under some conditions.

6.2.2

Control and measurement of layer thickness

An accurate measurement of the thickness of the titanium film to be evaporated is
important. Fortunately the pseudomorphic character of the film enabled the counting
of atomic layers while evaporating the titanium. This not only allowed the calibration
of the thickness of the just imaged film, but ultimately lead to the calibration of the
detector system, see Section 7.2.
The counting is relatively straight forward. When imaging a crystal one sees circles corresponding to the major crystal planes, see for example the image of molybdenum and tungsten in Section 4.1 or images of the titanium in Section 6.1. The
evaporation of one layer corresponds to the shrinking of one of these circles until
it disappears. One had to be careful to focus only on one plane throughout the
complete measurement since the different planes were found to evaporate at slightly
different voltages. Typically the thickness measurement was made on the [110] plane
since this was the most pronounced but measurements using the [111] or the [211]
planes gave the same results. The main complication with this technique is the poor
visibility of outer layers of unannealed films where the first few layers are difficult to
discern. Counting the layers as a function of different deposition times has shown
that this method is reliable. One expects that the layer thickness increases linearly
with the deposition time and this has been observed many times. Examples are
shown in Figure 6.3. The linear fits almost go through zero layers at zero deposition
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time, as expected.
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Figure 6.3: Three independent measurements (and linear fits) of the titanium film thickness vs. deposition time. Three different tips have been used for these imaging experiments
and the deposition rates are very different from one another. The data shown with circles
was deposited with a current of 3.1 A, the other two with a current of 2.7 A.

This data is a good representation of the kind of errors which were found throughout the titanium experiments. Sometimes imaging was found to be very simple and
layers were very straightforward to count. In these cases a very accurate thickness
measurement was possible (see crosses). In other cases the thickness measurement
was more difficult and resulted in larger errors (see squares). However, the overall
fit still goes through zero suggesting no systematic error. In yet other cases it seems
that a part of the film systematically could not be counted or was overcounted (see
circles). Still the accuracy was satisfactory. In the experiment marked with the circles the deposition rate was very low already (especially considering a current of 3.1
A). In cases like this the titanium deposition loop was often found to act sporadicly,
which also could explain the offset.
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The complete film was visible when imaging in hydrogen or neon, as was confirmed
with experiments like those shown in Figure 6.3. However, when imaging in hydrogen
the first few layers were usually easier to visualize and when imaging in neon the last
layers are better resolved. Furthermore, when imaging in helium only the last few
layers are visible. This indicates that the evaporation field of the film increase as one
gets closer to the tungsten tip. Thus qualitatively as one would expect, there appear
to be three different regions to the film: A weakly bound surface layer, a more well
bound bulk structure, and a well bound interfacial layer with the substrate.

6.2.3

Time of flight measurements with titanium films

As with the single tips (tungsten and molybdenum) and the arrays, time of flight
(TOF) experiments were the key compositional analysis technique applied to the
films. It was shown that it is possible to remove, as ions, titanium films of many
tens of atomic layers with a single voltage pulse. Significant effort was expended
quantifying the quantity of evaporated material, particularly the D+ /T i++ ratio.
Determination of these ratios is rather unique as conventional atom probe studies
are performed with far fewer ions (1 or fewer per voltage pulse as contrasted with
1000s of ions per pulse in the present experiments). A detailed discussion of detector
settings required to make these measurements are in Section 8.1.

Evaporation of submonolayer quantities of films
The evaporation of submonolayer quantities of titanium film, due to adsorption effects (both field induced and not) yield TOF spectra that do not necessarily represent
the D/T i atom ratios in the bulk titanium film. However, submonolayer evaporation experiments can provide valuable information about the evaporation behavior
of small quantities of titanium deuteride compounds and this is useful for later com-
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parison to the evaporation of many layers of deuteride in a single pulse.
While absolute calibration of the quantity of titanium evaporated in these submonolayer removal experiments was not conducted, we can say with good certainty
that each pulse did not remove more than a small fraction of an atomic layer. We
know this because the titanium was removed with many pulses (10 s to 100 s) at
constant voltage and the signal intensity (proportional to the quantity of titanium)
remained relatively constant. The desorption of more material would blunt the tip
quickly and hence require an increase in voltage to remove additional material.
TOF spectra of submonolayer quantities of titanium films always showed the
desorption of the titanium as single ions with no indication of heavy molecules or
large clusters. These results were obtained by voltage pulsing at a set voltage and
taking a long average over the resulting signals. When the titanium signal decreases
significantly, the d.c. voltage is increased and a new average is begun. Eventually
the titanium signal disappears and a tungsten peak becomes visible. At this point
the titanium at the apex of the tip has completely been desorbed. Throughout the
removal of a complete titanium film the same ion species were detected and the
abundances of each of these species remained relatively constant.
A typical desorption spectrum of a film at liquid nitrogen temperature is shown
in Figure 6.4. This film has been exposed to deuterium and hydrogen. One can see
that the titanium is evaporated dominantly as T i++ and the presence of significant
quantities of hydrogen and deuterium are evident. A small T i+++ peak is also visible
whose size increases with increasing magnitude of the pulse voltage and decreases
with the quantity of hydrogen or deuterium present. As we will see later the presence of a T i+++ peak, or lack is a key indicator of space charge effects during the
evaporation of multilayer films.
This titanium film was deposited in some residual deuterium (see Section 3.2.1
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Figure 6.4: The evaporation of submonolayer amounts of a titanium film at liquid nitrogen
temperature.

for an explanation of the deuterium), after which the vacuum system was pumped
out to low 10−9 Torr. At these pressures the dominant background gas is typically
hydrogen. While pulsing it is necessary to use a dc holding voltage (see Appendix
C.1) which further increases the gas pressure at the apex of the tip. The hydrogen signal is due to the incomplete removal of hydrogen and/or the readsorption of
hydrogen on the apex of the tip. Clearly such effects modify the surface composition which of course can be quite different than that of the bulk. Likewise, the
operating temperature has a significant impact on the chemical composition of the
surface. Figure 6.5 shows the results of an experiment comparing the evaporation
of submonolayer quantities at liquid nitrogen temperature and room temperature.
At room temperature much smaller relative quantities of deuterium are observed,
consistent with enhanced adsorption at low temperatures and showing again how
the composition is influenced by surface effects.
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Figure 6.5: The removal of a complete titanium film by successive desorption of submonolayer quantities at 77 K and 293 K. The inset shows representative TOF spectra for room
and liquid nitrogen temperature.

The evaporation of multilayers quantities of titanium film in a single pulse

Complete evaporation of the titanium film with a single voltage pulse has successfully been demonstrated. Similar to the results with submonolayer quantities no ion
clusters were observed. For these experiments operation of the detection system in
a linear range of its response, despite the large ion current, was verified as discussed
in Section 8. The repeatability of the experiment and the complete removal of each
titanium film is ensured by measurements discussed in the Appendix B.2.
Experiments compared the composition of clean and deuterated titanium films.
Once titanium is introduced to the vacuum system, hydration of the tip is difficult to
avoid, as also discussed in Section 3.2.1. The only reliable way of producing hydrogen
free titanium films was annealing the titanium following deposition. Recall that ion
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imaging experiments show that the basic physical structure of the titanium films are
not changed by annealing.
TOF spectra of an annealed and unannealed titanium film are shown in Figure
6.6. With annealed films hydrogen was absent, but often some contamination by
oxygen and/or carbon was detected as shown in Figure 6.6.
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Figure 6.6: TOF spectra of the complete removal of ∼ 25 atomic layer thick titanium film
with a single pulse. The solid line shows the spectrum of a film which has been deposited
in UHV in a baked system before the introduction of deuterium or hydrogen gas. Hence,
the only peak visible other than titanium is hydrogen. The dashed line shows a film which
has been deposited on the same tip in 10−3 Torr deuterium and subsequently annealed at
900 K.

The peak in Figure 6.6 corresponding to a mass to charge ratio of 16 can be T i+++
and/or O+ . In the absence of hydrogen the field necessary for titanium evaporation
increases slightly and is often associated with an increase in the T i+++ peak height
relative to the T i++ peak. In addition, after annealing a small peak can sometimes
be detected in the tail of the T i++ peak at mass-to-charge ratio 32 which may be
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T iO++ . In this case some contribution to the mass-to-charge ratio 16 may be due to
O+ . The peak at 32 is just visible in this spectrum but is much more pronounced in
other spectra, including the Figure 6.10 to be discussed later.
Various methods were used to deuterate the titanium films. As these films have an
atypical bcc structure, methodologies used to deuterate standard hcp titanium films
may or may not apply. The complicated behavior of even conventional titanium films
is evidenced by the fact that a review of initial sticking coefficients of hydrogen on
titanium films shows variations from 0.006 to 0.5 depending on subtle differences.[21]
However, as it turned out many deuterating methodologies seemed to work equally
well with our films. The two methodologies used in our work were to deposit the
titanium film in a deuterium atmosphere of ∼ 10−3 Torr, or add deuterium to the
vacuum system after depositing the film. Note that following exposure of the system
to deuterium the deposition of deuterium free films was not possible until the vacuum
system was exposed to the atmosphere and subsequently baked. If the system was
not cleaned in this manner titanium films deposited at pressures even below 10−8
Torr D2 had compositions much like those deposited at 10−3 Torr D2 . Clearly the
deuterium diffuses into the bulk of the film in agreement with the literature [25] and
[66] at least at room temperature. Again one has to be careful, because these other
studies have not been performed on hcp titanium and large changes in the diffusion
constant can be expected when changing crystal structure.[14].
Each of these deposition methods can yield large amounts of deuterium as can
be seen in Figure 6.7. However, recall from our experimental Section that the atom
probe system is a compromise between the imaging area and mass resolution. In its
present configuration, which allows for detailed imaging of the titanium films, the
system cannot reliably resolve Ti from species such as TiD. Thus the peak associated
with the titanium ions may contain some deuterium. This will be discussed further
later in this Section. Thus at this point we interpret the data in Fig 6.7 as just
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demonstrating that the films can be deuterated by the methods employed and that
the degree of deuteration is not yet known. Since each of the spectra shown in Fig
6.7 were accumulated from different tips slight adjustments are done to make the
titanium peaks appear as mass 24, i.e. T i++ . We believe that this is valid, because
the exact energy of the ions is not known, due to uncertainties with the pulse voltage.
V = 4.4 kV, Deuterated afterwards
V = 3.8 kV, Deuterated in situ
V = 3.3 kV, Deuterated in situ
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Figure 6.7: TOF spectra of three deuterated titanium films removed with a single pulse
at liquid nitrogen temperature from different tips. One (V = 4.4 kV, ∼ 25 layers) was
deposited as clean titanium and then exposed to D2 at 10−3 Torr for 8 hours at room
temperature. Another film (V = 3.8 kV, ∼ 25 layers) was deuterated during deposition
in a deuterium atmosphere of 10−3 Torr. The last film (V = 3.3 kV, ∼ 25 layers) was
deuterated during deposition at low deuterium pressures (∼ 5 × 10−8 Torr measured at
gauge) due to residual deuterium in the system. All curves show similar deuterium ion
amounts. The data was adjusted so that T i++ peak aligns with mass 24.

Deuteration of annealed titanium films was also investigated. Results in this case
were erratic with some films yielding no deuterium and others appearing to deuterate
as did the unannealed films. The difference has been correlated with the presence or
lack of contaminants on the surface of the titanium film. If oxygen and carbon cover
the complete surface no hydration is possible.
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The peak height of the titanium signals were compared with the deposition time
to determine whether a correlation between the two existed. Ion imaging has shown
that the quantity of titanium deposited scales linearly with the deposition time as
expected. The single pulse film removal TOF experiments have shown the same
trend at liquid nitrogen and room temperature, as can be seen in Figures 6.8 and
6.9. In Figure 6.9 the 15 s deposition arguably does not follow a linear trend but
this may be explained by the choice of two separate depositions of 10 s + 5 s and
hence less material due to the warm up time of the deposition coil.
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Figure 6.8: The complete evaporation of different thicknesses of deuterated titanium films
at liquid nitrogen temperature. The titanium was deposited at a rate of 1 layer per second
in a deuterium background pressure of 10−3 Torr.

Figure 6.9 shows the removal of some tungsten. This should not have any noticeable impact on the rest of the spectrum and in the contrary verifies the complete
removal of the titanium.
Besides validating the correlation between the quantity of titanium deposited
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Figure 6.9: The complete evaporation of different quantities of deuterated titanium at
room temperature. The titanium was deposited at a rate of 2 layers per second in a
deuterium background pressure of 10−3 Torr.

and the deposition time, Figures 6.8 and 6.9 show several other key features. First,
the deuterium signal does not scale with the titanium signal. If the majority of the
deuterium signal comes from the bulk of the titanium one would expect this scaling
to occur.
In addition note that when larger quantities of titanium are evaporated, a T i+
peak is visible and the D2+ peak rises relative to the D+ peak. Lastly, there is an unusual linear slope visible in front of the T i++ peak, becoming more pronounced with
evaporated film thickness. However, recent experiments performed by B. Johnson
in our laboratory suggest that this linear slope is due to the detection of secondary
electrons formed by the evaporated ions striking the vacuum chamber. Although
the quantitative features of these spectra, such as peak heights, vary slightly from
experiment to experiment with different tips, the features are qualitatively the same

90

Chapter 6. Titanium film evaporation
in all experiments independent of the temperature (77 K or 293 K), tip size, etc. and
have been observed repeatedly.
We believe that the lack of the proportionality of the deuterium signal to the
titanium signal, the presence of T i+ and the increase of the D2+ peak relative to the
D+ peak are all due to low fields at the tip during the evaporation of many atomic
layers. This decreased field is not the result of an increase in tip radius due to the
deposition of titanium for two reasons. First, titanium imaging and field evaporation experiments have shown that titanium deposition caused no significant change
in tip field-voltage proportionality factor for films of typically used thicknesses. Secondly submonolayer evaporation experiments at threshold fields for evaporation show
T i+++ not T i+ , see for example Figure 6.4. The unusual features of the TOF spectra have only been found when removing large numbers of ions in a short amount of
time, which is why we conclude they are due to space charge effects. Space charge
is the result of significant charge in the space around the tip apex. If present in
sufficient quantities this charge can decreases the magnitude of the electric field from
the value it would have if no charge was present. The details of this phenomenon are
discussed in Section 6.3. At this point we present additional data that also indicates
the presence of space charge.
When multilayer films of deuterated titanium are evaporated, the titanium (and
possibly deuterides thereof) arrives later and appears broader than expected in the
TOF spectra. For example, Figure 6.10 shows a very good alignment of all the peaks
with the mass axis with the exception of the T i++ peak following the evaporation of a
∼ 4 monolayer thick film. Here the apparent mass shift of the titanium peak is more
pronounced than in most experiments. Also note the broadening of the titanium
peak in the case of the deuterated film.
The shift can probably not be explained just by the appearance of T iDx++ ions, as
this suggests the most abundant ion is T iD4++ , which does not seem realistic. Again
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Figure 6.10: TOF spectra associated with the removal of both annealed and unannealed
multilayer films compared with the removal of submonolayer quantities of a film.

the broadening, as we will see is consistent with the presence of space charge.
Additional apparent space charge effects are revealed if multilayer titanium films
are evaporated in several pulses with each pulse removing a few monolayers as contrasted with removing the entire film in a single pulse. An example of such an
experiment at liquid nitrogen temperature is shown in 6.11. Figure 6.11a shows the
spectrum as the result of removing a 30 layer thick deuterated titanium film in a single pulse. Figure 6.11b shows the removal of a film deposited subsequently, as similar
to the first film as was possible, yet removed by a series of 5 pulses. The removal
in 5 pulses was accomplished by increasing the voltage of each subsequent pulse, as
indicated in the Figure, until all the titanium is removed. The data wherein the film
is removed in 5 pulses is plotted such that each spectra at a given voltage is added to
the prior spectra. One can see that, when using multiple pulses the deuterium peak
height is twice the height of that observed when a single pulse is used to remove the
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entire film yet the height of the titanium peaks are the same.
As more layers are evaporated in a given time space charge lowers the electric
field that appears at the tip surface. The increased deuterium signal as the result
of evaporating the film in 5 pulses as opposed to one pulse is consistent with high
average electric fields dissociating more titanium-deuterium complexes in Ti and D
ions.
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Figure 6.11: The removal of a complete ∼ 30 layer thick titanium film with (a) a single
pulse, and (b) with 5 pulses at 77 K.

Note that this result is not due to surface effects wherein deuterium adsorption on
the surface skews the deuterium peak heights to higher values for case of removal by
multiple pulses. First, if the majority of the detected deuterium ions were desorbed
off the surface of the titanium film, the deuterium signal would not be expected to
scale with the number of titanium layers. Similarly, the case of removal by multiple
pulses could be expected to show more deuterium ions than a single pulse, because
there are several surfaces exposed to deuterium. However, many experiments, in-
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cluding the experiment presented in Figure 6.8 prove that this is not the cause of the
increased deuterium signal. In Figure 6.8 one can see that a deposition of 2 layers
results in a small deuterium peak. There is no reason for thicker titanium layers to
adsorb more deuterium onto their surfaces than the 2 layer deposition and hence the
large deuterium peaks associated with longer deposition times can not be explained
by surface desorption.

6.2.4

Slow evaporation of titanium films

Experiments have also been done using slow evaporation of the films over microsecond
and longer time scales to determine first, if evaporation occurs in a controlled manner
over microsecond type time intervals, and to explore, like thermal desorption spectra,
the binding characteristics of the film: surface-to-bulk, bulk-to-bulk, and titaniumto-tungsten interface.
Slow evaporation was implemented by applying a voltage ramp to the tip. Typically the complete film was removed within one ramp and the ramp times were varied
from microseconds to seconds. The experiment is similar to the imaging experiments
when the titanium layers are counted, but instead of looking at the screen, the signal
is recorded on the oscilloscope. While there is no hope of separating different ion
species by time-of-flight methods using ramp times of ∼ 0.1 s, an ion species separation was attempted for the 1 µs ramps. Note than when ramping with either of these
time scales, that the spread of a given ion species is much larger than the decay time
of the phosphor screen (∼ 65 ns) and hence the area under the peaks corresponds to
the total number of detected ions.
As perfectly linear voltage ramps were not possible with our arrangement, and
typically it is more interesting to compare the detector response to the applied voltage
or field, one has to apply the following area preserving conversion of the signal, S(t):
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S(t) = S(V (t)) → S 0 (V ) with S 0 = S × ∆t/∆V . This comes from the integration
R
R
R
dt
dt
rule: S(t)dt = S(t) dV
dV = S 0 (V )dV with S 0 (V ) = S(t) dV
. All data presented
as a function of voltage is corrected with this factor.
Above all other things these experiments verified that the films can be removed
smoothly, which was suspected from the imaging results. This suggests that binding
strengths are to first order similar throughout the complete film and more importantly that the field evaporation of titanium films as single ions is unproblematic.

Ramped evaporation (0.1 s ≤ t ≤ 10 s)
Figure 6.12 shows a good example of data of slow ramps which reveals many interesting features. First the films evaporate in a relative narrow voltage region. This
suggests there is one field necessary to remove the complete film. The imaging and
pulsing already suggested this, but these results provide the most direct evidence.
While this is known for normal bulk titanium it was not clear that the same applies
for these thin films, since e.g. their crystal structure is different, see 6.2.1.
A seemingly small detail, but in practice very important fact, was the history
effect of using a tip for multiple experiments. Prior to these experiments it was
suspected that the continued deposition of titanium might change the tip shape and
thus its evaporation behavior. The long ramp experiments gave insight into this
problem and ultimately a solution. It was found that with each titanium deposition
and evaporation sequence the voltage needed for the titanium evaporation increased
steadily, see Figure 6.12. This can be explained by the following. Even though
titanium is completely removed from the apex of the tip by field evaporation some
titanium remains in the lower field regions on the tip shank. The result is an effective
increase in tip radius and decrease in applied field at a given voltage. Although this
could never quite be observed with the fast nanosecond pulses it is obvious here. It
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Figure 6.12: Ten ramping experiments at liquid nitrogen temperature done one after
another with the same tip. Each titanium film is ∼ 10 layers thick. The evaporation
occurred within ∼ 0.05 s. The tungsten tip field evaporated at 6200 V. Some of the
titanium films have been deposited in 10−3 Torr deuterium as noted. The dashed lines
indicate the data as taken, whereas the filled areas incorporate the correction due to the
shape of the voltage ramp (seen in the inset).

was found that the residual titanium could be removed by heating and successive
field evaporation of the tip while imaging in helium with the result that these shifts
in evaporation voltage are eliminated.
Another striking feature in Figure 6.12 is the difference in the shape of the desorption spectra of the films deposited in UHV vs. those deposited in a deuterium
atmosphere. The deuterated films evaporate over a different and wider range of
voltages and the total area under the spectra tends to be larger when compared to
the clean titanium. This has been found with many experiments of this type and
seems to be universally the case. While the exact shape has been found to change,
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the general shapes observed in Figure 6.12 - broad rectangular shapes for deuterated
films and relatively narrow triangular shapes for clean titanium films - are consistently found. These results are consistent with deuteration of the film and indicate a
thorough and uniform deuteration. One can also see that the films deposited in UHV
immediately after conducting film deuteration experiments look much more like the
deuterated films. This is consistent with the nanosecond pulsing TOF results, as
such films were always found to be deuterated to some degree unless annealed.
The area under the curves has been found to be some indication of the state of
deuteration as can be seen in Figure 6.12 and a good indication of the total amount
of titanium removed as can be seen in Figure 6.13.
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Figure 6.13: Ramp desorption of clean titanium films at liquid nitrogen temperature. A
one minute titanium deposition corresponds to ∼ 9 layers of titanium. The inset shows
the linear relationship between detected peak area and deposition time, suggesting that
the area is a good measure of quantity of titanium removed.

Subsequent data taken following better tip cleaning procedures to remove residual
titanium and with even longer ramps (10s of seconds) showed the same features as the
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spectra above. However, in addition it was observed that the curve representing the
ion current versus time might be different depending on how or to what degree the
titanium film was hydrided as shown in figure 6.14. At some point these experiments
should be revisited to elucidate these details.
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Figure 6.14:
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The ramp desorption of ∼ 30 layers of a titanium film at liquid nitrogen
temperature with a very long linear ramp. The signal was recorded while the ramped
voltage increased and decreased in order to identify any gas phase ionization component
of the current. The shape of the evaporated signal is apparently quite different depending
on the presumed deuterium content. The film shown in a thick blue line was as clean
as possible and therefore should have very little deuterium present. The thin red line
corresponds to a film deposited in an atmosphere of 10−3 Torr D2 , and the dashed line
corresponds to a film deuterated by residual deuterium (∼ 10−7 Torr) and should contain
no more deuterium than the film deposited in 10−3 Torr D2 . The thin red line shows an
additional signal at high voltages, due to an atypical continuous small electrical discharge
inside the system and can be ignored for this analysis.
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Ramped evaporation (t ∼ 1 ms)
Experiments were also conducted with ramp times of the order of ∼ 1 µs. In principle
this combines the benefit of the pulsing and the slow ramp experiments. Provided the
evaporated ion species are well understood, it can give insight into their evaporation
as a function of the applied voltage. Although the identification of the ion species
was more difficult than when using ∼ 20 ns desorption pulse time, it was possible.
In these experiments the time at which the ions are detected is a convolution of
their flight times (as in conventional TOF experiments) and the time of evaporation
(as in the very slow, relative to the flight time, ramp experiments).
The insert in Figure 6.15 shows evaporation spectra obtained with a ramp speed
of 2 µs. Assuming reasonable ion species, D+ , T i++ and T i+ , it is possible to
construct a time at which the ions likely evaporated as also shown in Figure 6.15.
While the evaporation time overlap of the different ion species suggests a correct
identification, the results are not unique. This is especially true for curve b because
of the abundance of peaks.
Using ramp speeds of 1 µs the association of peaks with a particular ion species
is more straightforward, as shown in figure 6.16. The spectra appear much like TOF
spectra obtained with much shorter (20 ns) pulses and the peaks are identified with a
similar level of confidence. Note that in these spectra the films deposited in 10−3 Torr
D2 consistently yielded slightly larger deuterium peaks than did the films deuterated
due to deposition in residual deuterium pressures of the order of 10−7 Torr. This
result helps to verify the analysis, as this was expected. In addition, the deuterium
appears to evaporate slightly earlier than the titanium, which is not unexpected.
Using faster ramp speeds of 1 µ s the peak identification becomes easier as shown
in figure 6.16. The spectra almost look like the pulsing spectra and the peaks are
identified with similar confidence. Note that spectra like these were obtained several
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Figure 6.15: Fast ramp, 2 µs, evaporation of ∼ 15 layers of a titanium film at liquid
nitrogen temperature. The insert shows the spectra as observed on the oscilloscope and
the Figure shows the most likely way the ions were evaporated from the tip. Curve a)
shows the voltage ramp in the relevant region. The beginning and the end of the material
evaporation are labeled. Curves b) and c) correspond to films deposited in atmosphere of
10−3 Torr deuterium and d) shows the evaporation of a film deposited in residual deuterium.

times and the intentionally deuterated films continuously resulted in slightly larger
deuterium peaks than the films deuterated at lower residual deuterium pressures,
verifying this analysis. In addition, the deuterium appears to evaporate slightly
earlier than the titanium, which is not unexpected.
Almost all the µs-type ramp experiments suggest the evaporation of the complete
(hydrided) titanium film over a small voltage range. Unfortunately due to uncertainties in the shape of the titanium film and its shape change during the evaporation it
has not been possible to deduce the evaporation fields of the ion species from these
experiments.
We realized later that experiments of this sort should be very useful for the un-
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Figure 6.16: Fast ramp, 1 µs, desorption of less than ∼ 10 layers of a titanium film at
room temperature. The insert shows the spectra as observed on the oscilloscope and the
Figure shows the mostly likely way the ions were evaporated from the tip. Curve a) is the
voltage ramp. The beginning and the end of material evaporation as well as the highest
voltage achieved are labeled. Curve b) is the evaporation of a film deposited in residual
deuterium and curve c) corresponds to a film deposited in 10−3 Torr deuterium.

derstanding of the space charge effects, see Section 6.3. These effects should depend
crucially on the evaporation time of the film. Calculations, in Section 6.3.2, suggest
that decreasing the ramp speed by just small amounts can change the dissociation
behavior of T iDx complexes and hence change the amount of detected D+ ions. In
this context very fast ramps (∼ 100 ns) might be very interesting to apply. Measuring the D/T i ratio as a function of ramp speed and layer thickness likely is the most
elucidating experiment for the understanding of the space charge effects.
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6.3

Space charge effects

In atom probe experiments one can usually ignore the interactions between ions
and assume their dynamics is completely governed by the voltage applied to the tip
and the resulting electric fields. However as the charge density in front of the tip
increases, at some point the magnitude and spatial distribution of the electric field
will be changed. This is observed, for example, with liquid metal ion sources [17]
which operate at high current densities as do our field evaporation studies. It is these
so-called space charge effects that we believe are the explanation for the unusual
features observed in the TOF spectra discussed above including peak broadening,
apparent mass shifts, and most importantly the lower than expected D to Ti ratios
when multilayer films are evaporated.

6.3.1

Introduction to space charge

Child and Langmuir have found a limit to electron and ion current densities that
can be driven in vacuum. Their calculations considered parallel plate, cylindrical
and spherical geometries, see for example.[34] Most significantly it was found that
when neglecting initial velocities the space charge limited current, I, is proportional
to V 3/2 where V is the voltage applied between the electrodes. This dependence of I
on V 3/2 , often referred to as Childs Law, is independent of the geometry. An exact
formula was found for the parallel plate geometry. A series solution was obtained for
the spherical case and this is a good zeroth order approximation to our experimental
geometry. The equation for space charge limited flow is.[35]

√ r
4 2 e V 3/2
I=
9
m α2
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For the parallel plate geometry, with d, the separation of the plates, α = d. For the
spherical case α can be calculated with the series 6.2 to a very good approximation
for the emitter radius, r0 , much smaller than the collector radius, r, (log(r/r0 ) ≥ 2.2.
α2 = 0.224 log(log(r/r0 )) + 2/3 log(r/r0 ) + 0.254

(6.2)

Recall that these equations were derived assuming zero field at the electrode where
the charged particles are emitted and in field evaporation there are significant fields
at the surface of the emitter.
In field evaporation the ion current emitted into the vacuum depends exponentially on the electric field at the surface. An attempt at deriving the relationship
between the emitted current and the applied voltage (or electric field) in this case is
described in [17]. One issue with such calculations is that there are many parameters for which exact values are not known. Nevertheless using first order estimates
of these parameters, the space charge limited current, I, as a function of the applied
voltage, V , is shown in Figure 6.17.[17]
An analytic treatment of this process has been done in [40]. For E0 the electric
field acting on the surface of the emitter and F0 acting at the same surface in the
absence of space charge, the change of E0 /F0 has been calculated for small changes.
Interestingly, they also found that different geometries do not significantly change the
results for the field reduction due to space charge so applicability of our experimental
arrangement is reasonable.
E0 /F0 = (1 − γs )
1/2

γs =

j0 [m/(2e)]1/2 r0
3/2

²0 E0

[ln(4R/r0 ) − 1]

(6.3)

The equation is true for γs ¿ 1, with j0 the current density on the surface of the
emitter, R the radius of the detector and r0 the radius of the emitter. While γs is
still field dependent it can be thought of as the change of E0 /F0 .
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Figure 6.17: The space charge limited current, I, as a function of the applied voltage, V .
V0 is the voltage required to reach fields high enough to start field evaporation of Ga+ ions
without space charge. Taken from [17].

As an aside, one can see an interesting fact in equation 6.3. In atom probe
microscopy one is used to thinking of (m/e)1/2 . While it is not directly evident, here
the electric field does not depend on (m/e)1/2 but on (m × e)1/2 . This is because
the current density is proportional to the charge: j0 ∝ e. Usually in our TOF
experiments we don’t think about the actual mass and charge states of the involved
ions, e.g. we only use “m/e = 24” for T i++ . In fact as stated before TOF experiments
can not distinguish between different ions of the identical mass to charge ratios. With
space charge effects one has to let go of this idea and think of the mass times the
charge. Equation 6.3 suggests that the greater either the charge state of the ions or
their mass, the more the space charge effect lowers the electric field. In addition, in
our experiment the current density is constant, and in this case the equation shows
that the space charge effect increases with tip radius.
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6.3.2

Space charge effects in the context of titanium desorption

Recall that throughout the experiments with the deuterated titanium films, the TOF
spectra had some unusual features. They include, with increasing film thickness:
1. Broadening of the titanium peak (Figure 6.10)
2. Late arrival of the titanium peak (Figure 6.10)
3. An increase in the ratio of D2+ to D+ (e.g. Figure 6.8)
4. The appearance of T i+ (e.g. Figure 6.8)
5. A nonlinear increase in the height of the D+ peak (Figures 6.8 and 6.9)
Space charge effects appear to be the most reasonable explanation for all of these
phenomena.
First, simple estimates show that enough charge is present to observe space charge
effects.
Ignoring space charge effects one can find an ion current, Isimple at the surface of
the tip with:

LσA q(2πrT2 ip )
(6.4)
tevaporation
tevaporation
the time it takes for the complete film to desorb, L the number of
Isimple ≈

With tevaporation

Qtotal

≈

titanium layers, σA = 1015 atoms/cm2 the typical atom density in solids and q = 2e
the charge of a single titanium ion. (This is using only the T i++ ions.) This estimate
also assumes that all removed titanium atoms are ionized. This is not unreasonable
as Ti appears mostly as T i++ and not T i+ . Using a tip radius of rT ip = 200Å, one
has for example with 2 ≤ L ≤ 40 and 1ns ≤ tevaporation ≤ 10ns:
10−6 A ≤ Isimple ≤ 3 × 10−4 A
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This corresponds to 105 A/cm2 ≤ jsimple ≤ 107 A/cm2 .
Childs law 6.1 gives a limit on the current. It is an upper limit, because it allows
the field at the emitter to drop to zero and in field evaporation the current goes
to essentially zero at sufficiently small fields. Using a usual tip and voltage pulse
(r = 200 Å and V = 4500 V) Childs law predicts the maximum current of Imax = 3.8
mA, which is not very far from the currents we are likely operating.
Comparing the current, Isimple , to the numerical calculations by Gomer (Figure
6.17) one can see that we fall well within the region where space charge effects should
not be neglected. Although Gomer’s calculations were done for a different system
(i.e. liquid metal ion sources) the curve should at least qualitatively describe our
experiment. Note that Gomer’s result is basically two straight lines connected at
V /V0 ∼ 5 by a curved region. Both of these regions are physically understandable
and hence another, but similar system (like ours) should also recover these features.
For V /V0 À 5 Gomer’s curve recovers the old Child’s law, equation 6.1. This makes
sense since for V /V0 → ∞ there is no difference between these two descriptions. For
V /V0 → 1 the current must go towards zero (as it does). This is evident from the
simple argument that at V = V0 a single ion in the vacuum effectively lowers the
electric field at the emitter below the evaporation field. The range of V /V0 which is
applicable to our system is very limited, because at too high a field the tungsten tip
substrate is evaporated, and certainly Vmax /V0 ¿ 5. Even though Gomer’s curve was
computed for different parameters than ours, there is little doubt that the general
features hold true in our case.
Note only are our currents sufficient for space charge effects, but we also operate
in the very steep region of the plot in Fig. 6.17. Although not a proof, this is
nonetheless a strong indication that under some circumstances we reach space charge
limited flow. Note that the steep slope implies we might be space charge limited in
one case and not in another case (after changing one parameter just slightly).
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Similar conclusions regarding the electric field at the surface of the emitter can be
extracted from the analytical solution of the space charge problem given in Equation
6.3 - this may be more accurate than the comparison with Gomer’s numerical model.
While equation 6.3 is not a true transcendental equation, it is for practical purposes
solvable for the electric field only numerically. An issue with Mair’s solution is the
uncertainty about the current density as it varies strongly with the desorption time
and probably experiences a feedback from the space charge lowered electric field
at the emitter surface. In addition this equation is developed for one ion species,
whereas the titanium experiment has at least 2 dominant species T i and D and
possibly T ix Dy . In any case, the results of solving the equation numerically with our
parameters are shown in Table 6.1 (γs is from equation 6.3):

rT ip (Å)
200
200
200
200
150

L
1
10
30
1
10

tevaporation (ns)
5
5
5
1
5

Ion
T i++
T i++
D+
T i++
T i++

γs
0.015
0.204
0.070
0.082
0.168

E0 /F0
0.986
0.796
0.930
0.918
0.832

Table 6.1: Estimated reductions in field due to space charge effects.

It is clear that even for the evaporation of modestly thin films (10 layers of
material) the field at the tip is reduced significantly. When comparing these numbers
one has to keep in mind that the equation 6.3 is only valid for γs ¿ 1, the values for
γs are also put into the table.
Just like Gomer’s calculation, this field estimate shows that in the titanium evaporation experiments space charge effects are not negligible. We now analyze our TOF
results in light of the fact that space charge effects can be significant.
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Peak spreading due to ion - ion Coulomb interactions
The previous Section (6.3.2) has shown that the ion density is sufficiently high that
in principle one should take the ion-ion Coulomb interactions into account. We will
see that these interactions can explain the unusual features of the TOF spectra from
multilayer titanium deuteride films, in particular the facts that with increasing film
thickness the width of the titanium peak increases.
We begin with a simplistic model to make estimates. Consider a single ion species
leaving the tip within a certain time and forming an ion cloud. We assume this cloud
is a sphere of radius, rs and that a total charge, Q, is evenly distributed within this
sphere (i.e. constant charge density). While this sphere travels to the detector it
expands due to the Coulomb forces between the charges. The rate change of the
radius of the sphere, ṙs can be found by using the fact that the kinetic energy gain
of each ion is equal to the potential energy loss due to expansion. From simple
electrodynamics arguments one can see that this calculation is valid independent of
the charge distribution in the sphere, as long as it is spherically symmetric.
s
µ
¶
Qq
1
1
ṙs − ṙs (0) =
−
2π²0 m rs (0) rs

(6.5)

The initial velocity of the ions is relatively small, so ṙs (0) can be set to zero and the
expansion rate at infinite distance is given by:
s
ṙs (∞) =

Qq
2π²0 mrs (0)

One can see in the equation that the final expansion rate depends on

(6.6)
p

1/rs (0). This

is inconvenient since we don’t know the initial radius of the sphere and small changes
result in large differences. For now we choose rs (0) = rT ip , since this is of the order of
the initial size of the distribution. The other important variable is the total charge,
Q. This can be calculated in a similar way to what has been done in 6.4, and for T i++
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ions and a tip with radius rT ip = 200Å one finds Q = LσA q(2πrT2 ip ) = L×1.6×10−15 C
with L the number of atomic layers.
Since most of the energy is gained initially, assume all of it is, or in other words
ṙs is assumed constant and equal to ṙs (∞) and hence one can easily find the radius
of the sphere when its center reaches the detector with rs (D) ≈ ṙs (D) × T . The
only missing number is T , the flight time of the center of the sphere. This is very
q
2
accurately given by T = D2Vmq = 500ns for an applied voltage V = 5000V and a
detector distance D = 10cm.
One can now find the approximate radius as:
s
rs (D) ≈

q2

rT2 ip

L σA
²0 mrs (0)

s
×T =

L σA q D2 rT2 ip
2V ²0 rs (0)

(6.7)

The validity of ṙs (t) = ṙs (∞) and hence of equation 6.7 can be shown by solving the
differential equation 6.5 numerically and comparing it with 6.7. This has been done
and is shown in Figure 6.18:

Sphere Radius HmL

0.01

10-4

10-6

10-8
10-13

10-11

10-9
Flight Time HsL

10-7

Figure 6.18: A comparison of the numerical solution (solid line) with the constant ṙs
assumption (dashed line).
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Figure 6.18 shows that the assumption is very good for timescales of interest to
us (1µs > t > 1ns). Even before plugging numbers in equation 6.7 one can see
that the radius of the sphere is independent of the mass of the ion. This makes
sense, since, relative to more massive ions, light ions achieve higher velocities in the
transverse direction but also have greater velocities in the direction of the detector.
The consequence is, at least in this simple model, that the same fraction of light and
heavy ions hit the detector. The expansion rate does however depend on the charge
of the ions, q, indicating that, if anything, more highly charged ions (i.e. T i++ )
might be undercounted relative to less charged ions (D+ ).
Finally, the result of plugging numbers into the equation 6.7 is shown in Figure
6.19 as a function of the one key variable in this model, the initial sphere radius
rs (0). One finds surprisingly large spheres: for D = 10cm, T i++ , V = 5000V and
rT ip = 200Å.
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Figure 6.19: The radius of the sphere as it strikes the detector and the time delay between
the beginning and the end of the ion cloud reaching the detector plotted as a function of
initial radius of the sphere.
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Unfortunately the initial radius is not well known, but one can put bounds. First
the size of the charge distribution should not be smaller than the radius of the
emitting tip, and hence this is the lower limit. Also the titanium evaporates in a
finite time from the tip. Since the pulse is 20 ns in duration the titanium desorbed
at t = 0 has traveled ∼ 4 mm before the last titanium is desorbed at t = 20 ns. Thus
the upper limit on the radius of the initial sphere is ∼ 2 mm
Clearly, the real charge distribution is not spherical but more like a sheet wrapped
around the tip being released. We can more closely approximate the actual situation
by choosing the diameter of our sphere equal the sheet thickness and adjusting the
total charge by the fraction of the volume of the sphere over the volume of the sheet.
While L was initially thought of as the number of layers of titanium one can choose
appropriately smaller L’s to compensate for the total charge lost. In addition, the
actual charge distribution also involves two charged species, however in the model
we cannot include the interaction between T i++ ions with the D+ ions, which might
impact the peak shapes.
Nevertheless we believe this model indicates the mechanism underlying the excessive peak widths found in the time of flight spectra.

Space charge effects on the dissociation and ionization of deuterated titanium
As previously mentioned fewer deuterium ions are detected than expected, when removing a complete deuterated titanium film with a single voltage pulse. Furthermore
the D+ /T i++ ratio has been found to be dependent on several variables, including
the number of titanium layers as shown in the Figures 6.8 or 6.9. We believe that the
mechanism underlying the low D/T i ratio is also space charge related. Specifically
that the fields drop sufficiently that molecular T i-D complexes are no longer field
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dissociated.
The authors of [64] have done careful analysis of the evaporation of submonolayer
quantities of fcc titanium hydrides from a tungsten tip, similar to our experiments.
The data was kindly given to us and Figure 6.20 shows the observed ion species.
Here conventional atom probe was used and only a few ions have been desorbed with
each pulse and recorded with high mass resolution.
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Figure 6.20: TOF spectrum of a hydrated titanium film (fcc) at 65 K, when only a few
ions are desorbed with each pulse. The data to this Figure is from [64] and was kindly
provided by J. Takahashi.

One can see in Figure 6.20 the different isotopes of titanium. Given their relative
abundance it is straight forward to find that only 5 % of the desorbed titanium
appears as T iH ++ with no other titanium-hydrogen found. The same data also
shows that ∼ 0.6 % of the titanium desorbs as T i+++ . Stephie’n et. al. [63] have
found that with pulsed laser atom probe studies of a hydrided titanium tip at 2.3 V/Å
, no T iH ions could be found. Furthermore they find that at this field the hydrogen
and the titanium desorb separately as ions. So in both of these independent studies,
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with the removal of small quantities of material none to very little T iH + is found.
However, under evaporation conditions that are closer to d.c. operation and
using a magnetic sector atom-probe, experiments on hydrided titanium yielded large
fractions of the ions as hydrides: 40 % T i++ , 25 % T iH ++ ,25 % T iH2++ and the
remaining 10 % as T iHx++ with 3 ≤ x ≤ 5.[26] In addition T i+ was observed. For
these dc conditions, the applied electric fields are significantly lower than used in the
aforementioned pulsed atom probe experiments. The appearance of T i+ in the dc
experiments supports this conclusion. Note that not only is it generally known, but
is also observed throughout our experiments, that at lower fields lower charge states
can be found, see for example [3] or [29] or Section 4.4.2.
This result is supported by calculations using post ionization models. Figure 6.21
shows a prediction of the abundance of the charge states of titanium as a function
of the field strength.[30]

Figure 6.21: The relative abundance of different charge states of titanium in field evaporation as a function of applied field in (V /nm) predicted by the post-ionization model
[30].

These calculations imply that due to the presence of small quantities of T i+++ ,
the field was ∼ 3.25 V/Å for the data in Figure 6.20. When evaporating multilayers
of titanium our experiments often yielded a few percent T i+ ions, see e. g. Figures

113

Chapter 6. Titanium film evaporation
6.8 or 6.9, suggesting fields similar to those used during the magnetic sector atomprobe experiments which also showed a few percent T i+ . In contrast when small
quantities of titanium film are removed in voltage pulsing, T i+++ ions are seen, see
Figure 6.4, suggesting much higher fields.

Depending on the quantity of desorbed material the fields at the tip appear to
change by a factor of roughly 2, reaching ∼ 3.25 V/Å during the evaporation of small
quantities of material and being reduced by space charge to fields of ∼ 1.5 V/Å when
many atomic layers are removed. The calculations from Section 6.3.2 confirm the
possibility of such changes in field when multilayers of titanium are removed in 20
ns type time frames.

Significant space charge lowering of the applied field during the evaporation of
multilayer films is consistent with less T iDx++ being dissociated into D+ and T i++
ions and thus more T iDx++ molecules in the spectra. This is likely the explanation
for the decrease of the D/T i ratio as evaporated film thickness increases. Note that
the magnetic sector atom-probe experiments [26] have shown that during d.c. field
evaporation large fractions of the ions are T iHx++ with x ≥ 1, also consistent with
the scenario that the space charge lowered fields result in less dissociation of the
evaporated hydride.

Presently it is not possible to resolve T i++ from T iDx++ and hence confirm this
experimentally. However several experiments are presently underway to verify this
explanation as discussed in the conclusion Section of this Chapter 6.5.1.
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6.4

Titanium field evaporation from micro fabricated arrays

It is clear that to achieve the number of neutrons needed in a single pulse for detection
applications (∼ 1010 or greater) an array of source tips will be required. The array can
be very similar to the array structure described in Section 5. As discussed previously
tip packing densities are limited to ∼ 107 tips/cm2 by the microfabrication techniques
presently employed. Array areas can easily exceed 10 cm2 as a monolithic structure
and 100 cm2 by tiling. Modeling has shown that tip radii of ∼0.1 µm will be near
the maximum usable with our microfabricated structures due to voltage hold-off
limitations [7]. Referring to Figure 6.23, it can be seen that the neutron yield per
cm2 of tip array should comfortably be 109 neutrons per cm2 of array area with 1010
neutrons per cm2 of array area near the upper bound. In addition we note that the
D+ is created in time intervals of ∼1 to 10 ns, i.e. less than the time interval of the
applied voltage pulse [50]. Thus the neutrons would be produced in time intervals of 1
to 10 ns resulting in neutron production rates of the order of 1017 to 1019 neutrons/s.
Combining such rates with neutron yields of the order of 1010 neutrons, the high
spatial confinement of the neutron pulse (5 cm with a 1 ns duration pulse) used for
interrogation could aid detection applications by, for example, allowing for the use
of coincidence techniques to reduce noise.
Titanium field evaporates at ∼ 2.5 V/Å and thus with the film evaporation source,
the arrays need to hold comparable fields. This field is usually just achievable with
the latest array designs.
For array pilot experiments the same vacuum system is used as with the single
etched wire tips. Titanium was evaporated in situ, as with the single tips, onto
the complete array structure. From the single tip experiments it is known that this
procedure can yield a very clean film, albeit possibly hydrided to some degree. Note
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however that in situ coating not only coats the tip but also dielectric insulator layers
in the array structure. The degree of coating is aggravated by the fact that the
titanium source is very close (∼ 1 cm) to the array and has dimensions of ∼ 1 cm
which yields a wide range of deposition angles. A more distant point source would
help to prevent coating of some of the insulators. Nevertheless it is expected that
for very thin titanium depositions, the metal films will be discontinuous and thus
the insulators will retain their dielectric properties. This was generally the case and
several depositions onto a single array structure were required to produce conducting
paths across insulators and make the array no longer usable.
Our initial experiments involved depositing small amounts (∼ 1 layer) of titanium
on arrays. The calibration of the quantity of material deposited was not exact
because it relied upon previous calibrations done with the wire tips.
Prior to the deposition of titanium the array was carefully characterized by electron emission and ion desorption. Special care was taken to work below breakdown
voltages. After the deposition of titanium the electron emission and ion desorption
studies were repeated.
Roughly one half the arrays showed extensive leakage current between base and
gate after titanium deposition due to the presence of excessive titanium. With arrays
that did not show such leakage currents titanium deposition tended to lower the
electron emission voltage. For array 1390B the electron emission voltage has been
lowered from -65V to -45V. There is not enough data to draw statistically strong
conclusions, but this reduction in operating voltage makes physical sense. A lower
electron emission voltage indicates the presence of larger fields (for constant voltage)
and/or a lower work function at the tip surfaces. Since the geometry is not changed
significantly by the deposition of the small quantities of titanium the work function
had to have changed. As clean metals tend to have lower work functions than those
covered by typical contaminants, and as-fabricated arrays always have some surface
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contamination, this result is consistent with the successful deposition of titanium
onto the array.
TOF spectra from array 1390B before and after titanium deposition indicated the
successful desorption of titanium. The spectra are, as almost always when pulsing
arrays, a little ambiguous but best estimates for the mass/charge ratios are given. It
is clear that different peaks are visible before and after deposition, see Figure 6.22.
The lighter masses (m/q < 44) can all be correlated with typical contaminants that
are often observed in array desorption experiments. Even the peaks associated with
the heavier ions (m/q ≥ 44) are consistently observed with many arrays, but due to
the decreased mass resolution in this region it is not clear that these peaks are correctly identified. However, it appears clear that T i++ has been successfully desorbed
from the tip arrays. Other notable features are the presence of elemental carbon
and T iO or O2 at m/q = 32 following the deposition, and the presence of oxygen at
m/q = 16 (T i+++ in this amount would not be observed at these threshold desorption fields) before and after the deposition. Previous experiments with outgassing
of the titanium deposition coils have shown that similar deposition procedures to
those employed here yield very clean films. Apparently then the titanium oxygen
compound is due to the reduction of the molybdenum oxides already present on the
as-fabricated array tip surfaces. In addition, one expects the reduction of CO2 and
CO to elemental C and O on titanium surfaces ([62] page 276 and [27]). Lastly note
that despite the fact that the titanium desorption was conducted in partial pressures
of D of ∼ 10−5 Torr, the hydrogen peak still dominates. This is also not surprising as
the contaminated titanium is not expected to adsorb deuterium form the gas phase
following interaction with the C, O and H on the tip surfaces.
According to electron emission before (after) titanium deposition the titanium
was evaporated at fields of ∼ 1.85 V/Å (∼ 2.67 V/Å). This experiment did not
involve the evaporation of clean bulk titanium, yet the results are not inconsistent
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Figure 6.22: Time of flight spectra from a micro fabricated array at room temperature
before and after titanium deposition. The titanium was pulsed in ∼ 10−5 Torr deuterium
atmosphere, the clean array in UHV.

with the field evaporation field of bulk titanium ∼ 2.5 V/Å.
Increasing the voltage above the one used to generate the spectra shown in 6.22,
resulted in breakdowns and successive leakage current between gate and base and
hence the array was destroyed.
Clearly additional experiments studying the evaporation of titanium from arrays
should be conducted. To do so it is necessary that arrays reliably achieve 3 to 4
V/Å type fields. In addition the titanium deposition technique should be improved
by using a smaller and/or more distant titanium source to decrease metal coating of
the array insulators. Lastly a crystal monitor should be used to better control the
quantity of titanium deposited onto the array.
Another very interesting experiment related to array studies would be the depo-
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sition of titanium onto a single tip made of a material other than tungsten. This is
especially interesting, because the tips in the arrays are not made of single crystals
and even if tungsten tips were used in the arrays the crystal structure of the titanium
may no longer be bcc.

6.4.1

Neutron production estimate with titanium coated tips

At this point a simple calculation is presented relating the experimental results with
the final goal of this study, the production of neutrons. For this purpose we assume
space charge limitations can be suppressed by slower evaporation rates a result that
is possibly supported by preliminary experiments. We also assume an average of two
deuterium ions per titanium ion.
Then the number of coulombs of deuterium (and titanium) removed from the tip
surface can be calculated using the calibration of the thickness of the evaporated
film combined with the tip area. With the number of coulombs of deuterium ions
produced per tip the number of neutrons produced per tip given the deuterium ion
energy and target material can be accurately predicted. For example, with an atomic
deuterium ion energy of 120 keV and a thick T iT2 target, the neutron yield is ∼ 108
n/mC of D+ [60]. Based on this nominal yield Figure 6.23 is a nomogram showing
the number of neutrons produced per tip for a given tip radius and deuterated film.
The approximate error in the number of neutrons produced is ∼ 10 %, i.e. equal to
our measured error in the number of evaporated deuterium ions. The white region
is the area explored so far. Regions highlighted in light and medium gray are those
in which no problems are anticipated in accessing. Limits on the tip radius to be
∼0.1 mm or less are imposed by limits for the arrays. Simulations have found that
operation of the arrays becomes very hard with bigger tip radii. Highlighted in dark
gray is a region wherein the film thickness can significantly exceed the diameter of
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Figure 6.23: Nomogram showing the number of neutrons that could be produced per tip
for a given tip radius and deuterated film thickness. See the text for a discussion of the
shaded regions

the substrate tip and it is not clear whether a significant portion of the region is
accessible.

6.5

Conclusion

The principles underlying a deuterium ion source for deuterium-tritium neutron generators using the field evaporation of deuterated titanium films have been demonstrated. In all the experiments done to date, the evaporation of the film has been
shown to be consistent and reliable. The usually difficult absolute calibration of the
quantity of evaporated material has been accomplished by using ion imaging techniques. In addition an unexpected pseudomorphic bcc crystal structure has been
observed in both clean and deuterated titanium films, independent of the film deposition technique, the amount of hydrogen present in the film, or subsequent annealing
of the film.
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Experiments indicate that space charge effects can limit the quantity of D+ produced by preventing the dissociation of titanium-deuterium molecular complexes.
Several experiments which could further quantify this conclusion are outlined below.
A few experiments have investigated the evaporation of titanium from microfabricated arrays and shown that the evaporation of titanium is possible.

6.5.1

Future work

Most importantly the postulated impact of space charge effects on the dissociation
of titanium-deuterium complexes must be quantified. There are several experiments
which can help to elucidate the processes involved.
First, one can attempt to resolve the T i++ and T iDx++ peaks. This can be
achieved by using a much longer drift tube if space charge induced spreading does
not cause the peaks to overlap one another. The increased drift distance increases
the mass resolution and has the additional benefit of separating the pulse pickup
noise from the incoming deuterium ions, which in turn allows the readout of the
signal without the phosphor screen and the PMT. The direct readout of the signal
from the channel plates facilitates pulse width analysis, which in turn should provide
additional information about possible space charge effects. Preliminary results with
a longer drift region look very promising and are likely going to support the postulations about space charge. Long drift regions were not implemented earlier they
degrade film imaging capabilities, and imaging was key to these initial exploratory
experiments in which film thicknesses and crystallographic structure were key aspects
of the research.
Secondly by decreasing the evaporation rate of the film, and hence lowering the
instantaneous current, one can try to better dissociate the deuterium- titanium complexes. Similar experiments were already attempted, see 6.2.4, but their analysis was
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found to be very hard to impossible due to the slow µs to ms per film type rates.
Instead the evaporation rate should remove the film in 10s to 100s of nanoseconds. In
this case the mass resolution should be good enough to easily distinguish deuterium
from titanium ions. If the space charge estimates are correct, the D/T i ratios should
change as a function of evaporation rate and for a proper rate the true ratios of
available deuterium to titanium should be observed. The ramping experiments performed to date were not conclusive, but did yield some large D/T i ratios even when
desorbing many titanium layers, see Figure 6.16. If such an approach maximizes the
deuterium ion currents, it may not only provide a technique of film analysis, but an
approach to ion production in the neutron generator application.
Lastly the use of various desorption pulse lengths (keeping the ramp speed constant) should be explored. The 20 ns pulse length (τp ) used to date is long enough
to remove even large quantities of film (77+ layers). However, if the space charge
indeed effects the evaporation, the evaporation rate τe should be decreased with increasing number of evaporated titanium layers. Experimentally it is straight forward
to decrease the pulse length. If one found that with a decreased pulse length large
amounts of titanium can not be removed from the tip, the analysis of the data as a
function of the two parameters (τp and the number of layers) should give information
about τe . This knowledge would provide much more insight into the space charge
effects operative in the evaporation process.
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Detector calibration
This Chapter discusses the calibration of the detector signals to correlate the measured peak height with the absolute quantity of material detected. There are two
aspects of this calibration; 1) Finding the detector gain as a function of voltage
applied to the detector and 2) Determining the absolute signal calibration at a particular detector setting.
Recall that the detector consists of two components, a channel electron multiplier
array (CEMA) and a PMT. The electron output from the CEMA is projected onto
a phosphor screen which is in turn viewed by the PMT.

7.1

Detector gain calibration

There are two key variables on which the total gain depends, the voltage applied to
the PMT, VP M T , and the voltage across the channel plate, VCEM A . The channel plate
gain is not known and hence was calibrated as described below in Section 7.1.1. The
gain of the PMT (Amperex Model 2262) is given by the manufacturer in a voltage
range between 1.1kV < VP M T < 2.1 kV in form of a plot and the curve can be fitted
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well with following function:

Gain = 1.17 × 10−24 × VP9.64
MT

(7.1)

With the PMT voltage given in volts.
Although the calibration has been found to be a very useful tool for the experimentation or when only small changes to the detectors are implemented, large gain changes
cannot be predicted with reasonable accuracy because of the exponential behavior
of the gain curves.

7.1.1

CEMA Calibration

The relative gain of the channel plates (CEMA) has been calibrated as a function of
the applied voltage across the CEMA. The calibration has been done with relatively
constant ion signals of a single tungsten tip. The constant signal was assured by long
averages for each data point. The gain increases exponentially with voltage, which
is why it is impossible to calibrate over a wide voltage range with one and the same
signal. The calibration has been done over a CEMA voltage range of 0.80 − 1.25 kV
and two different tungsten signals have been used for the low and the high voltage
range. The tungsten peak heights are used for the calibration. As expected and
found, for more sensitive settings this experiment is prone to larger fluctuations.
The data can be fitted well with a simple exponential fit, as shown in Figure 7.1.
The fits for the lower and higher range do not mesh together perfectly but agree well.
These are just relative measurements, and they are normalized to give a gain of 1 at
a voltage of 1 kV:
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Figure 7.1: The CEMA gain calibration data (crosses and circles) and their fits. The
dashed (solid) line corresponds to the fit of the higher (lower) voltage data. The points
correspond to the peak heights of tungsten desorbed from a clean tip.

Gainlow = 1.0262 × 10−08 × 6.293310×CEM A

(7.2)

Gainhigh = 5.5680 × 10−08 × 5.314110×CEM A

(7.3)

With CEMA the applied voltage in kV. Writing the gain in this form is very useful
when one wants to compare different experiments (where the gain voltages usually
differ by a few 100 volts), since one needs only to multiply by the appropriate number
derived from this equation.
The slight gain difference found might be due to noise, or the gain of the CEMA
might not be a perfect exponential, as is assumed here.
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7.2

Absolute signal calibration

It is desirable to find the total number of charges detected in experiments. The
signals, however, are rather small and one needs to utilize detectors which do not
intrinsically give information on the absolute signal strength. Despite this fact we
found a way to calibrate the absolute number of ions by utilizing evaporation of field
ion imaged titanium films. This Section describes this procedure.

7.2.1

Calibration using field evaporation of tungsten tips

The calibration is done by using imaging information of a clean tungsten tip in
helium. By pulsing voltage on top of the applied dc voltage with Vp ≈ 1/6Vdc
tungsten is desorbed as ions and the image is changed slightly. An example of such
an image can be seen in Figure 7.2. This was continued until one complete tungsten
layer has been removed. Such studies show how many pulses are needed to remove
a complete tungsten layer.
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Figure 7.2: Helium ion images of a clean tungsten tip before and after the application of
a single short voltage pulse Vp = 1/6Vdc . Vdc ≈ 6000V is chosen such that the electrical
field E at the tip is equal to the best ion imaging field of 45V /nm.

After the number of pulses required to remove a layer was established, the tip
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was pulsed again under the same conditions (except the helium was removed) for
this number of pulses (20 to 50) with the PMT connected and the TOF signals were
recorded. The addition of all the pulse signals corresponds to the signal of one layer
of tungsten.
While this procedure is in principle possible to perform, it was found that in
practice it is not feasible mainly because the number of pulses needed for the removal
of a single layer varied excessively from experiment to experiment as the tip grew in
size.

7.2.2

Absolute calibration with titanium

The fact that we are able to image the titanium films and count the number of
atomic layers that comprised the film, enabled a simple, straight forward approach
to detector calibration. In this calibration method the deposited titanium itself is
used with a combination of imaging and measuring the thickness of one titanium film,
and then evaporating and measuring the detector peak height signal from an identical
titanium film. The titanium peak heights, found by pulsing until all titanium was
removed then correspond directly to the number of titanium layers previously imaged.
For this to work well the titanium deposition rate has to be reasonably stable and
predictable, which was found to be the case. In practice the titanium is deposited
for a fixed time and is removed while imaging and counting layers. This procedure
is repeated until one is sure that the deposition rate is stable. i.e. similar numbers
of layers correlate well with a deposition rate and time. After this, titanium is again
deposited under the very same conditions as it was deposited for the imaging/layer
counting studies but now is evaporated with a single voltage pulse and the titanium
signal is recorded. This procedure is repeated again until the desired statistics are
achieved. This procedure fits well together with the desired line of experiments and
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is a ”fortunate by product” of the TOF experiments.

Additional considerations
The calibration described using the evaporation of titanium films intrinsically determines the number of layers removed rather than counting the number of evaporated
ions, whereas the detector detects the number of ions. In order to compare different
experiments which may use, for example, different tip radii one needs to convert the
layer information into an ion number. We begin to do this by realizing that simple
geometry provides the Atoms/Layer projected onto the detector as a function of the
radius of the tip, i.e. the imaging voltage.
Atoms
2
= 2π(1 − cosθ) × rtip
× Atoms/Area
Layer

(7.4)

The angle θ is simply given by the distance, D, of the detector to the tip and the
size, R, of the detector, θ = arctan(R/D) = 13.19 ◦ . The radius of the tip is again
calculated with the estimation rT ip ≈

Vimaging
.
5Eimaging

For a typical solid, the number of

atoms on the surface is given by: Atoms/Area ≈ 1015 Atoms/cm2 . This relatively
simple estimate can be used to get an idea of how many atoms are detected as shown
in Figure 7.3. It does not take into account, for example, the actual crystal structure
and hence the crystallographic dependence of the atomic density or the fact that the
electric field lines are not straight.
Additional useful information is to know how many atomic layers correspond to
a given signal height on the oscilloscope. It is easy to see that following equation
describes the layers per signal as a function of the most common experimental parameters. The

Layers
Signal

describes how many layers one expects to find for 1 volt output

on the oscilloscope.
Layers
∝ r2 CEM A P M T
Signal
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Figure 7.3: A simple estimate of the number of atoms detected due to evaporation of one
layer of the tip versus the size of the tip as related to its best imaging voltage in helium.

Where CEM A and P M T just represent the gain due to different detector settings.
The proportionality constant can be found by using a known

Layers
Signal

for a detector

setting and a given tip radius. I can for example use the data from 07/08/29 and
get yet another simple equation:
Layers
28 (4000V )2
=
CEM Acal@0.8kV P M Tcal@1.6kV
2
Signal
3.14 Vimaging

(7.5)

Using this one can for example, create a plot as shown in Figure 7.4.
The agreement between calculation and data has been found to be reasonable but
limited to small changes in the gain. For example a large change of the CEMA voltage
by ∼ 0.5 kV sometimes resulted in an order of magnitude error in the calibration.
While it is in principle possible to use a single absolute detector calibration and
calculate the number of layers for experiments with e.g. different tip radii, layer
thicknesses, detector settings, or tip alignments from this, it was found to be more
reliable to repeat the calibration experiment.
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Figure 7.4: A simple estimate of the number of layers evaporated per 1 V output on
the oscilloscope versus the best imaging voltage in helium with the CEMA voltage as a
parameter from equation 7.5. This is calculated with a constant PMT voltage of 1.6 kV.
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8.1

Detector gain settings

Conventional atom probe experiments use the detector in a mode where only a few
ions are desorbed and detected per desorption pulse. In the case of the removal of
titanium films the detection of 103 or more ions per desorption pulse is required.
With standard detector gains, appropriate for the detection of only a few ions, detector saturation occurs when titanium films are evaporated in a single pulse, see
Figures 8.1 and 8.2. Figure 8.1 suggests, that the presence of the deuterium ions
suppresses the detection of the titanium ions. Figure 8.2 shows that the detected
signals do not increase linearly with the deposition time and in fact even saturate.
This conclusion is supported by the fact that between TOF experiments ion imaging
was done frequently. Thus it is known that the deposition time is proportional to
the number of titanium layers deposited (see Section 6.2.2, Figure 6.3) and hence the
detector, in some cases, is nonlinear with the number of titanium layers evaporated.

131

Chapter 8. Detector performance considerations

6

Intensity (V)

5

Ti++

D+

Deposition in UHV
Deposition in D2

D+2

4
3
2

+

H

+++

1
0
0

Ti
0.2

0.4

0.6

0.8

1

Filght time (µs)
Figure 8.1: TOF spectra resulting from the deposition of 14 layers of titanium once with
deuterium and once without. The deuterated film shows a far too small titanium signal.
The signal was recorded with: P M T = 0.90 kV, CEM A = 1.10 kV.

The components of the detector are the CEMA, a P-47 phosphor screen for
converting the electron output of the CEMA to light, and a PMT to measure the
light output of the phosphor. The phosphor light output scales linearly with the
electron current at these electron current densities.[36] For channel plates, similar
to ours it has been found that the maximum linear output current density in d.c.
operation is 200 nA/cm2 [1] yet in the pulsed mode linearity is maintained even if
this current density may be exceeded by several orders of magnitude.[1] In Section
6.3.2 the ion current is estimated to reach 300 µA in the pulsed mode. Assuming
spherical symmetry this becomes a current density of, ∼ 1 µA/cm2 which is expected
to be within an acceptable operating range for the CEMA. To verify this the linearity
of the detector as a function of input current was measured.
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Figure 8.2: TOF data showing that the evaporation of different quantities of titanium
shows non linear response of the detector. The film was deposited at rates of ∼ 1
Layer/second and the signals were recorded with: P M T = 0.90 kV, CEM A = 1.10 kV.

8.1.1

Linear response range of the detector

In our experimental situation it was found that saturation effects are related to
the PMT, not the CEMA. This is suggested by results like those in Figure 8.3 and
were verified by the electron emission experiments described later in this Section.
Verification by titanium detection experiments involved the consequential removal
of ∼ 30 layer quantities of titanium while varying the detector gain (voltage applied
to the PMT and/or CEMA. Choosing high PMT and low CEMA gains (applied
voltages) yields a low signal to noise ratio. Choosing low PMT and high CEMA
voltages results in a reduction in the average deuterium to titanium ratio detected,
as already seen in Figure 8.1. This suggests that in this case the PMT is working in
a nonlinear region of its gain curve due to being exposed to too much light by the
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deuterium signal (at high CEMA voltage) and hence is not able to properly respond
to the titanium signal.

CEMA = 0.80kV; PMT = 1.60kV
CEMA = 1.20kV; PMT = 0.90kV
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Figure 8.3: TOF data of deuterated titanium evaporated with a single pulse at different
detector settings. The inset shows the ratio of detected titanium ions to deuterium ions
for the two different settings. The crosses (circles) correspond to the PMT voltage at 0.9
(1.6) kV.

The linearity of the PMT was investigated using electron emission experiments.
Electron emission signals were chosen for their scalability and repeatability.
During these electron emission experiments several parameters were varied: 1)
CEMA gain, 2) PMT gain, 3) The magnitude of the electron current pulse (i.e. the
voltage applied to the emitter tip), and 4) A neutral density filter (ND-filter) was
placed in front of the PMT as required to attenuate the light input. While the NDfilter effectively only varies the light input to the PMT, the changes in the electron
current (i.e.pulse voltage) change the signal onto the CEMA and subsequently the
light onto the PMT. From the prior CEMA calibration work (section 7.1.1) it is
known how the signal scales with increasing the CEMA voltage and the gain of the
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PMT is given by the manufacturer. Typical electron emission current signals can
be seen in Figure 8.7. Plotting the heights of these electron signals as a function of
the PMT voltage or of the CEMA voltage allows for a determination of the range
of CEMA and PMT settings in which the detector system response is linear. One
example of such data is shown in Figure 8.4. For low outputs the signal heights scale
as expected, whereas for higher outputs the signal saturates. As shown in Figure 8.4,
the point at which the gain becomes nonlinear and deviates from the expected curve
is found to depend only on the PMT voltage. Plotting many data points, regardless
of the different parameters, in one plot as a function of the PMT voltage shows a

Electron emission Max (V)

remarkably linear trend on the PMT voltage as can be seen in Figure 8.5.
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Figure 8.4: Electron emission signal peaks for two different pulse voltages show saturation.
Dashed lines mark the experimentally determined gain of the CEMA.

There is no data point above a limit given by following empirical equation:
SignalM ax = 25 × P M T − 17
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Figure 8.5: A collection of data points gathered with electron emission showing the point
where nonlinear behavior begins. The linear dependence of this maximum on the PMT
voltage can be seen nicely. The maximum optimal voltage (marked as OK) was found for
each data set like 8.4 and also follows a linear trend.

with PMT in kV and SignalM ax the absolute maximum output voltage in V. Not
only does the absolute maximum value follow a linear trend, but in addition, the
point at which the signal begins to become nonlinear follows a linear trend given by
following empirical equation:
SignalBestM ax = 13.3 × P M T − 9.3

(8.2)

with PMT in kV and SignalBestM ax the maximum optimal output voltage in V (limit
above which saturation starts). Other data sets show the very same trends and give
the same equation. All the data together shows that the trend is true for a range of
the PMT voltage from at least 0.70 kV to 2.2 kV.
Equations 8.1 and 8.2 provide a convenient means of setting up the detectors -
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the total output must be less than that calculated from Eq. 8.2.

8.1.2

Relating detector studies with electrons to those with
ions

To determine Eq. 8.2 we used electron currents as our input to the detector system.
In order to now apply these results to our investigations of ion detection there a few
considerations.
First, although the output of the CEMA will be different for a given input current
and particle energy and dependent upon whether that input current consists of ions
or electrons, this is of no consequence to our detector calibration studies.
Additionally, with the electron signal it was only possible to apply single pulses,
rather than the typical double peak structure (D and T i peaks) observed when
evaporating hydrided titanium films. One would like to verify that the recovery
time of the detector system is sufficiently fast that TOF spectra of interest are
meaningful. Figure 8.6 shows the results of a study investigating the response of the
detector system to multiple pulses. A contaminated tip, which over the course of
the experiment gave constant emission currents at a given voltage, was pulsed with
different PMT settings at high CEMA voltages to saturate the PMT. The dominant
D+ and H2 O+ peaks show saturation just at the expected value. Only if the PMT
is set high enough that the first peak gets well into the non linear region does the
second peak begin to decrease in height relative to the deuterium peak shrinking
relative to the first one.
The PMT has also been tested with a LED as light source. While it was not
possible to reproduce the signal shape with the LED exactly these experiments additionally indicated that operation of the PMT below the limits suggested by our
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Figure 8.6: TOF spectra showing saturation of the peaks as a function of PMT voltage.
Equation 8.2 can be applied to both peaks.

experiments should be unproblematic.

8.1.3

Noise considerations

All these experiments show that there is an upper limit to the PMT output and
suggest that working at lower CEMA outputs and higher PMT settings is preferred.
However, the lower limit of the CEMA output is set by pickup noise. One certainly
wants to maximize the signal to noise ratio. The typical pickup noise due to radiation
from the voltage pulse applied to the tip (in the time range in which the D+ signal
appears on the detector) is ∼ 0.2 V. This leaves only a narrow useful output region
within which to gather experimental data yet voltages on the detectors have to be
changed depending on tip radius, number of layers etc.
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There is an additional restriction on the voltage applied to the PMT. Because
the PMT gain increases faster than its SignalBestM ax with voltage it is necessary to
decrease the CEMA voltage with increasing the PMT voltage. This in turn limits
the light input to the PMT which decreases the signal to noise ratio onto the PMT.
Additional studies were conducted to determine this lower limit. Again, electrons
have been used instead of ions due to the readily available constant source of electron
pulses. Figure 8.7 shows two examples of electron emission signals with different
PMT and CEMA settings. One can see in Fig. 8.7 that for certain parameters the
curve has a relatively small signal to noise ratio.
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Figure 8.7: Examples of an electron emission pulse, detected with different settings (a)
P M T = 1.60kV , CEM A = 0.80kV , Vp = −500V and b) P M T = 0.90kV , CEM A =
1.05kV , Vp = −600V ). The red curve shows the fit, which is used to find the relative
standard deviation (noise) of the signal.

To determine the influence of the different parameter settings on the noise, experiments have again been performed while changing the CEMA voltage, the PMT
voltage and the electron emission current to the CEMA. In addition a neutral density
filter could be placed in front of the PMT. The noise (relative standard deviation) in
each curve has been determined by fitting the slope with a second order exponential
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fit f = eax

2 +bx+c

and equating the RMS of the difference of the signal vs. fit. To

avoid artifacts the fit was performed on a smoothed version of the original data.
Examples of the fit are shown in Figure 8.7. The relative noise has been plotted as
a function of total output and as a function of the light onto the PMT in 8.8.
One can see in Figure 8.8 (a) that there are two distinct lines separated by the
two different PMT voltages whereas in Fig 8.8 (b) there is essentially a single curve.
These results show that the noise level is governed by the light output of the CEMA.

Figure 8.8:

The relative noise level with key detector variables as parameters.(CEMA
was also varied from 0.65 kV to 1.35 kV in both graphs). (a) shows that of all the variables
only the total signal and the PMT voltages are important, because they separate the data
into two lines. (b) shows that the noise level is governed by the light input onto the PMT.
It does not make a difference if the signal onto the CEMA varies (Vp = −500 V or −600
V), the CEMA voltage changes, or whether the neutral density filter is present. The only
influence besides the light on the PMT may be the PMT setting. The plot shown in (a)
can be used to determine the necessary detector settings. For example, if some minimum
signal-to-noise ratio is desired, the required gain settings can be found.

It is likely that uncertainties in the knowledge of the gain of the PMT in the
calculation of the light onto the PMT are the reason for the slight offset visible in
Fig 8.8 (b). An additional systematic noise source, visible at the low noise level, is
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due to the fact that the oscilloscope stores with 16 bit precision and hence introduces
relative noise of the order of 10−3 . This is the region where the curves are expected
to level off.

8.1.4

Optimum Detector settings

Using all of the information discussed above the optimum range of detector settings
can be determined. While PMT saturation calls for high PMT and low CEMA settings, minimizing the noise requires the opposite. We found that for most multilayer
evaporation experiments a PMT voltage of:
P M Toptimal ∼ 1.10kV
and a CEMA voltage between:
0.80kV < CEM Aoptimal < 1.15kV
was desireable.

8.2

CEMA efficiency

Four key aspects of channel plate efficiency can impact measurements of the relative
and absolute values of the titanium and deuterium peaks: 1) The CEMA deadtime,
2) The degradation of the CEMA with use, and 3) The variation of the CEMA
detection efficiency with the mass, charge state, and lastly, 4) The variation of the
CEMA detection efficiency with the energy of the incident ions. We will see that the
energy dependence is of key importance and due to this our measurements tend to
underestimate the actual D to T i ratios.
CEMA efficiency dependence on deadtime: After a channel in the channel plates
has been hit by an ion it can only count the next ion after the dead time. The
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dead time of a similar detector to ours is ∼ 1 ms.[54] This is long enough that
each of the channels can only detect a single ion per voltage pulse. Our detector
has Nchannel = 1.87 × 106 channels. Figure 8.9 shows at how many ions, Nion , the
detection efficiency, Def f , would go down because of this deadtime, calculated with
standard Poisson statistics: Def f = Nchannel /Nion × (1 − e−Nion /Nchannel ). Comparing
this with the actual number of ions hitting the screen shows that this effect can be
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Figure 8.9: The CEMA detection efficiency versus the number of incident ions. The dead
time of the CEMA in our experiments does not influence the detection efficiency.

CEMA efficiency dependence on degradation: It has been shown that the channel
plates do not degrade significantly with use under conditions similar to those of our
experiments. Müller et al. [42] have found no ”wear out” of sensitivity of the detector
which was used over several months and Gao et al. [15] remarked that after about
108 particle impacts/mm2 of 5000 eV He ions, about 50 V more were needed across
the detector to achieve the same gain. With each experiment we detect ion numbers
of the order of 103 ions across the complete screen, see the discussion in 7.2.2 and
Figure 7.3. This suggests that, as long as the channel plates are handled with care,
degradation should not be an issue.
CEMA efficiency dependence on ion mass and charge state: The dependence of
the CEMA detection efficiency on the ion mass is very weak e.g. [22] and negligible
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for our experiments. It appears that higher charge states of the same ion are more
efficiently detected than lower charge states [67]. This ranges from 5 % to 10 % for
ions of ∼ 5 keV and tends to zero for more energetic ions. This means that in our
experiments slightly lower D to T i ratios are measured.
CEMA efficiency dependence on ion energy: There can be a strong dependence
of CEMA gain on the incident ion energy. For ion energies greater than 5 keV (10
keV for heavier ions) the detection efficiency is not affected by the energy of the
ions as reported by experimental ([53], [47], [67], [38] or [22]) and theoretical [13]
studies. Our studies are often conducted with ion energies of < 5 keV and the
doubly charged T i++ ions gain twice the energy of the singly charged D+ ions. In
addition, the detection efficiency of low energy ions decreases for decreasing CEMA
bias voltages.[67] In our experiments low CEMA bias voltages were required due
to the unusually large number of ions reaching the detector. [67] While the exact
dependence of the efficiency on the bias voltage is difficult to estimate, the net result
is an underestimation of the correct D to T i ratio by at least 5 % to 10 % and
possibly by factors of 2 to 3. Ideally, when interested in the exact relative amounts
of D and T i evaporated one should either post accelerate to energies of ∼ 10 kV
or work with relatively large tips and large voltage pulses. Both approach have
significant experimental difficulties associated with their implementation.

8.3

The influence of the spatial size of the detector
on TOF peak widths

It is straightforward to calculate that a flat detector (as used in our studies) widens
the ion arrival time distribution, see the schematic diagram shown in Figure 8.10.
This is well known and a curved detector can be used to negate this effect.
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Figure 8.10: Schematic of the tip-detector geometry. As the diameter of the detector
increases the difference between the flight time of the ions striking the center and rim of
the detector increases.

As one needs to separate, for example, T i++ from possible T iD++ peaks, the
question is how long does the heavy ion (with mass M ) take to travel to the center
of the detector (T1 ) and how long does it take the lighter ion (with mass m) to get
to the rim of the detector (T2 ). The two different signals will not necessarily be
distinguishable if T1 ≤ T2 . In practice, in our experiments, one wants the peaks to
be separated by 10s of nanoseconds. Finding the situation of T1 = T2 gives a limit
on the mass detection. Using simple energy conservation one finds for this limit the
following relationship:

M
m

2

= 1 + Rd2 . Interestingly this only depends on the geometry

of the vacuum system and the actual mass of the ions and does not depend on the
charge state of the ions or the applied voltage. Using ∆m = M − m one can rewrite
the equation further to:
m = ∆m

d2
R2

(8.3)

This equation is plotted in Figure 8.11. One can see that with our detector radius,
R = 3.75cm, the resolution is not sufficient to resolve, for example, different titanium
isotopes or the hydrated titanium from clean titanium peaks, again the result of a
trade-off between TOF mass resolution and surface imaging.
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Figure 8.11: The theoretically resolvable ion masses as a function of the detector radius
and the desired mass resolution (∆m). The curves end at the radius of the detector, used
in the experiments.

One way to achieve the mass resolution of a small detector in the existing experimental setup is to aperture the output of the phosphor screen (i.e. cover the
phosphor screen outside the vacuum system with a light tight cover with a small
hole in the center). This has to be done carefully to reduce reflections from outside
the small hole, because there is space between the phosphor and the outside glass.
With aperture radii of 1/2 and 1/4 inch we have significantly reduced the peak width,
see Figure 8.12.
One can see in Figure 8.12 that the difference appears in the risetime of the peak
as the fall time is governed by the decay time of the phosphor P-47 (∼ 65 ns) and
identical for the signals. The data has been taken under identical conditions several
times and the result was reproducible. The data taken with the aperture in place,
of course, has a much smaller signal strength than data taken without the aperture,
because in the former case most of the ions are not detected by the PMT. The scaling
required to make the signal of comparable size results in the seemingly earlier arrival
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Figure 8.12: TOF spectra showing only the T i++ peak (long average) without an aperture
and with apertures having radii of 1/2” and 1/4”.

time of the ions when using the aperture. Small quantities of titanium were studied
here due to the fact that large quantities can potentially widen the peaks due to
ion-ion interactions, see Section 6.3.2.
Comparing theµmeasured rise¶times τm of these two curves with the calculated
q
2
peak width: τc =
1 + Rd2 − 1 T , (with the arrival time T) one finds, see table
8.1:
1/4” Cover
1/2” Cover
No Cover

τc (ns)
1.3
5.1
43.3

τm (ns)
19
24
36

Table 8.1: Calculated peak widths and measured rise times with and without an aperture
over the phosphor screen.

One can see that the calculations do agree to some degree with the measured val-
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ues. The experiments with the aperture did not result in the predicted improvements,
but the risetime was decreased. It is likely that there are other effects connected to
pulse shape, and hence the energy spread of evaporated ions, which are now limiting the risetime. However the use of an aperture does provide the mass resolution
necessary to distinguish between T i++ and T iD++ .

8.3.1

Possible improvements to the detection system

As discussed previously there are trade offs between imaging area and mass resolution
in any imaging atom probe system. At this point, with the significant understanding
gained in the structure of the clean and deuterated titanium films, it should be
acceptable to slightly sacrifice imaging capability for the sake of improved mass
resolution. The incorporation of a quartz crystal monitor to measure relative film
thicknesses would allow for far less periodic calibration of the yield characteristics of
the deposition coil.
There are at least two ways to improve our detection accuracy in the future: 1)
Accelerate the ions to energies of ∼ 10 kV and 2) Work with larger voltages across
the channel plates.
Ion acceleration can be done by either using much larger diameter tips and the
associated larger evaporation voltages or by post acceleration after evaporation. On
first sight the first involves less changes to the vacuum chamber itself, but high
voltage pulses result in higher pickup noises and therefore will require better electrical
shielding from the detector. Note for a given detector to sample distance the greater
ion energies degrade mass resolution and moves the arrival time of the deuterium into
the time domain where pickup from the pulse can interfere with deuterium detection.
In order to avoid these problems a longer field free drift region must be used.
Suboptimal CEMA bias voltage might be addressed by setting the channel plates
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to 2 keV and then using an optical filter to reduce the signal to a level appropriate
for the existing PMT (see the Section on PMT saturation 8.1) or using a different
PMT. This would require careful testing to determine if the CEMA is responding
as expected under these conditions. It is imaginable for example that the finite
resistance and capacitance of the CEMA could limit the time response characteristics
at large currents.
A completely different approach to ion detection is to use a Faraday cup, however
this may be very difficult [51], [44] and [33]. With Faraday cups, little work has been
done measuring the small quantities of ions of interest in our single tip experiments.
In addition, nothing on short pulsed with the low total charges of interest to us could
be found. A key impediment to implementing a Faraday cup into our experiment is
the large voltage pulse used for ion formation as the resulting electromagnetic wave
will likely cause significant interference with the measurement. However, when micro
fabricated arrays are used for metal hydride evaporation experiments, a Faraday cup
might be the best way to detect the incoming ions due to the fact that the arrays
require much lower pulsed voltages than the tips (thereby less interference) and the
ion current will potentially be orders of magnitudes larger than that of single tips.
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Conclusion

The deuterium desorption source requires removing large quantities of deuterium ions
without significantly changing the underlying tip, meaning desorbing metal ions.
This is very important for a high yield, long lived neutron source. Similarly it
is important to know the chemical state of the metal surface that maximizes the
adsorption and subsequent desorption of the deuterium.
The best experimental results were achieved at liquid nitrogen temperature, due
to the larger quantities of physisorbed deuterium present on the tip surface at low
temperatures. It was found that only very clean metal surfaces yield promising
results and the presence of any contaminant reduced the quantity of deuterium ions
that could be desorbed from the tip. Moreover, it was very difficult to remove
deuterium without removing metal. This might be due to slightly different field
evaporation endforms of the metal tips when evaporated in helium or vacuum when
compared to that achieved when evaporated in the presence of deuterium. In the
future desorption experiments should be conducted with tips field evaporated in
deuterium to determine if this makes desorption of deuterium without the removal of
tip material more straightforward. Similarly very long experiments (many thousands
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of pulses) should be conducted as one might reach a tip shape which reliably does
not yield any metal ions.
The evaporation of a deuterated metal film from single tips has been investigated.
Again single tips have been used to study the behavior before the application to
the arrays. Titanium has been chosen because it is a widely used and a relatively
well understood hydrogen occluder. However, some unusual properties of the in
situ deposited thin titanium films on a clean, < 110 > oriented bcc tungsten tip
have been found. This includes an unusual pseudomorphic bcc crystal structure and
possibly different forms of titanium hydride. Field evaporation has successfully been
demonstrated, showing large amounts of deuterium ions with a single voltage pulse.
The deuterium ion production was relatively insensitive to contamination, suggesting
straightforward implementation in practical systems. It appears that the deuterium
ion yield can be limited by space charge effects when multilayer films are removed
in < 20 ns. There are many experiments that will further elucidate the hydride
film evaporation process as described in Section 6.5.1. These include investigating
slower evaporation rates and studying the mass distribution at higher resolutions. In
addition, substrate other than < 110 > tungsten should be used to investigate the
impact on the film structure and its hydriding and evaporation characteristics.
It might be beneficial to combine the desorption and evaporation source approaches. Preliminary results have shown that deuterium desorption from titanium
films yields relatively large deuterium currents while only small amounts of titanium
are evaporated. A deuterated titanium film removed with thousands of pulses might
yield orders of magnitude more deuterium ions than desorption from tungsten and
molybdenum or evaporation of even a very thick titanium film. This would not have
the long lifetime of the desorption ion source nor the high instantaneous current
of the evaporation source, but is likely insensitive to small surface contaminations,
won’t experience space charge limitations, and most importantly could yield a very
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large number of deuterium ions in a relatively short amount of time.
Microfabricated arrays have also been tested in both the desorption and preliminarily in the evaporation mode. It has been shown that desorption of different
atomic species (including some deuterium) is possible when using the array structures. While this is already a success, further increases in the electric fields that can
be applied to the tips in the arrays are necessary for both applications to allow for
better tip surface cleaning and more reliable desorption/evaporation. The testing of
the arrays has shown that their failure is initiated by excessive electric fields at their
gates and the resulting field electron emission stimulated voltage breakdown. Array
design improvements should focus on reducing the field at the gate while maintaining
high fields at the tips i.e. increasing the tip to gate field ratio. It is anticipated that
covering the gate with dielectric film having a high dielectric constant can enable
the required increase in tip to gate field ratio and such arrays are in production. In
addition, improved cleaning methods for the arrays are required. Field desorption
only cleans the apex of the tips and the thermal heating employed to date achieves
insufficient temperatures (limited by differential thermal expansion coefficients of the
material comprising the array) to remove many contaminants. There are other cleaning methods which might be beneficial and should be investigated. These include
plasma cleaning, sputtering, and combinations of techniques. For example, using
heating and field desorption could facilitate cleaning as the high temperature gives
rise to high mobilities of the contaminants so that their desorption at the tip apex
could lead to an overall cleaning of the tips shank and apex. As single tip experiments have shown cleaning is very important for the success of deuterium desorption.
The evaporation ion source likely does not need such thorough cleaning.
Once arrays are capable of producing the required deuterium ion currents a different detector will likely be required due to the high currents to be measured. While
in the single tip case the implementation of a Faraday cup could be problematic due
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to noise limitations, no major problems are anticipated for the use of Faraday cups
during array operation with large ion currents.
It is believed that the initial estimates of neutron yields (109 to 1010 n/cm2 of
array) can be achieved with both approaches with the appropriate arrays. Until
now arrays have not been able to produce enough deuterium ions to generate these
numbers of neutrons. Preliminary experiments performed by Benjamin Johnson,
(another graduate student in our group) have proven that neutron generation is
possible. For safety reasons DD fusion has been used instead of the DT reaction. In
addition, due to the limited fields achievable with present arrays gas phase ionization
of deuterium was used to generate the ions.
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Tip preparation and use
When preparing the etched wire tips it is important that the tip be extremely sharp
such that reasonable applied voltages result in the required high electric fields at the
tip apex. A tip end radius between 100 to 250 Å is usually desirable as this means
working with voltages of < 10 kV. The electrochemical polishing procedure used to
make these tips is described in the next Section A.1.
It is often necessary to conduct experiments at various tip temperatures, from
∼ 77 K to near the melting point of the tip material. Very low temperatures can be
achieved when mounting the tip onto a coldfinger and if required, filling it with liquid
nitrogen. To reach higher temperatures the tip is mounted on a 0.008” diameter
tungsten or molybdenum hair-pin filament loop before it is mounted on the cold
finger. This arrangement allows for Joule heating of the filament - a few Amperes
can heat the tip from LN-Temperature to ∼ 0.8 times the melting point of the
filament.
To control the heating reliably two very small diameter tungsten wires, 0.002”,
are spotwelded onto the loop close to the tip. When running a current through
the loop and measuring the voltage drop between these two wires one can measure
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the resistance of the loop close to the tip and hence its temperature by elemental
resistance thermometry. This procedure is described in Section D. The wires are
chosen to be of a small diameter so that they do not conduct much heat and hence
only minimally disturb the measurement.
When working with UHV systems there are only few methods that can be used
for making mechanical and electrical connections. We typically use two different
methods. A very strong and reliable connection between most metals is made by
spotwelding. This is how the tip to loop and loop to other metal pin connections
are made. For the fine tungsten wires only a few Joules are required for spotwelding. When things need to be removed and reinstalled repeatably without breakage,
springy coils are usually used. An example for this is the connection between wires
and the coldfinger pins. The coils slide over the pins with the application of a little
force and can be removed when needed. This approach was also sometimes used
for mounting the tip loop onto the coldfinger pins. This has the benefit of possible fine adjustments after mounting, but it was found that the thermal contact was
sometimes sporadic, resulting in eratic temperatures when heating the tips.
A typical assembly of the complete tip structure onto a coldfinger is shown in
Figure A.1.

A.1

Tip polishing procedure

”Although there exist various well defined techniques for preparing suitable FIM
tips, it appears that the mastering of tip fabrication remains an art more than a
science.” [37]. This statement is found in a masters thesis by A. S. Lucier dedicated
only to the collection of different tip fabrication techniques and their application.
We have found this to be very true for the preparation of our own tips. Generally
it has been possible to produce useful tips with almost every attempt, but each
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Figure A.1: A typical assembly of a single etched wire tip onto a coldfinger. The end of
the tip is too fine to see on this picture, but it is aligned with the center of the gate.

tip is different (especially for different experimenters), even when trying to keep all
parameters constant.
We electrochemically polish the tungsten tips in 5N N aOH with 4.5 − 8 V ac
voltage from ∅0.00600 wire. It is found that this method consistently produces tips
with small radii with a sturdy conical shaped tip shank and polished metal surfaces,
whereas the use of dc voltage tends to result in extremely fragile and irregular shapes
towards the end, see for example [10].
This method works especially well for tungsten tips. The AC voltage oxidizes
the metal (W O3 ) when positive voltage is applied to the tip and forms hydrogen
gas bubbles in the opposite polarity, which, as they travel upwards, protect the
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shank from the solution allowing for the gradually tapered tip shape. The oxides
are mostly dissolved in the solution. The polishing voltage is chosen so that the left
over oxide layers remain thin, [37], and a regular tip shape is achieved. The tip is
periodically examined in an optical microscope during the polishing procedure. The
initial polishing is usually done at slightly higher voltages than the final polishing.
Initially the wire is thinned until its length begins to decrease. At this point a tip
is already formed, which can be seen in an optical microscope. Later, the polishing
voltage is applied in short intervals until the tip reaches the desired shape. While the
microscope does not have the resolution to resolve the tips apex, a general polishing
trend is visible. We found that the best results are usually found when starting with
a wire of length ∼ 1” and polishing it to ∼ 1/4”.

The molybdenum tips were a little harder to polish than the tungsten tips using
the N aOH solution. Atom probe analysis often revealed heavy oxide layers which
could not easily be removed. Various approaches were used to achieve cleaner tips,
different voltages, different wire thicknesses, different concentrations of solution and
finally different solutions. While polishing the molybdenum wires with N aOH under
very similar conditions as the tungsten tips sometimes produced the desired results
other approaches were also employed. First we etch the 0.006” wire with a (1N)
N aOH solution at ∼ 5V (AC) to as sharp as possible a tip and then finish the
polishing with potassium cyanide (KCN) using very short 1V (AC) pulses.

With both W and Mo tips, after the polishing the tip is carefully dipped into
deionized water to wash off the solutions and then in ethanol to remove the water.
The setup used for polishing is shown in Figure A.2.
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Figure A.2: The apparatus for the electrochemical polishing of the emitter tips.

A.2

Tip annealing

Once a freshly etched tip is in UHV it has to be annealed to clean and smooth the
tip surface. Tips were heated by running currents of a few Ampere through the tip
support loop for ∼ 1 s. This way very hot temperatures (∼half of the tip material
melting point) can be achieved without blunting the tip by material diffusion. In
practice the current is increased slowly until the loop starts glowing faintly. After
this the tip is flashed by quickly increasing the current until the loop-tip structure
starts glowing white hot after which the current is quickly turned off.
Commonly after the electrochemical polishing in the N aOH solution the tips have
contaminants such as carbon, nitrogen, alkali metal hydroxides and oxides which are
left on the tip from the electrochemical bath and exposure to the atmosphere [37].
Heating the tip at high temperatures in UHV is a very efficient way to desorb the
contamination layer. For example it is known [37] that at temperatures above 1000
K, the following reaction takes place [36, 49]: 2W O3 + W → 3W O2 ↑ and above
1075 K, W O2 sublimes. This way one of the most abundant contaminants is removed
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with annealing. However carbonaceous matter is not necessarily readily evaporated
at temperatures achieved by such an approach. While there are other techniques
available for cleaning the tip apex, see Section 2.1.1, thermal cleaning is still very
important, because contaminant diffusion from the tip shank can recontaminate the
tip apex.
Another very important advantage of the annealing process is that it removes the
crystallographic defects generated by the electrochemical etching and smooths the
tip surface. This generally leads to more sturdy and reliable tips under the stress of
the applied very high electric fields.
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Titanium experimentation and
additional explanation

B.1

Total amount of titanium deposited

In this Section the experimentally measured total mass of titanium deposited by
the deposition coils is compared with the theoretical limit imposed by the mass
of titanium contained in the deposition coil. Both agree remarkably well and give
added confidence in the experimental techniques used to determine titanium film
thicknesses.
The deposition rate, R, onto the tip varies from ∼ 0.2 Layers/s up to ∼ 3 Atomic
Layers/s. At constant current the rate gradually decreases with use of the alloy coil.
Some data is shown in Figure B.1 for several coils. One can see that while there
are large variations, due to factors such a varying tip-to-coil distances, oxidation or
hydration of the coil, varying deposition currents etc., there is a clear general trend
toward depletion with use.
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Figure B.1: The deposition rate of the titanium coil onto the tip as a function of the total
deposition time. The solid line shows the fit.

Integrating over the fit of the deposition rate R ≈ 12.32 × t−0.50 gives the average
number of titanium layers deposited, LT otal , with each deposition coil:
Z

10000

LT otal =

12.32 × t−0.50 dt ≈ 2400Layers

(B.1)

1

The limits of integration are chosen to match the range of the experiment data.
One can then compare this to a simple estimate of the quantity of titanium that
can be deposited onto the tip with one deposition coil.
The total quantity of titanium available can be estimated by weighing the deposition wire. It was found that it has a line density of λ = 4.8 mg/cm. Since only
25 % of the wire which is an alloy of 75 % Ta + 25 % Ti, is Ti one finds that the
density of the titanium in the wire is: λT i = 0.387mg/cm.
Assuming cylindrical symmetry a simple approximation gives the total titanium
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mass deposited onto the tip, MT ip , if all the titanium came out of the Ta-Ti wire:
MT ip =

1 rT2 ip
λT i l
2 wD

(B.2)

D is the distance between deposition coil and tip, l is the total length of the wire
in the loop, rT ip is the radius of the tip and w is the widths of the loop. l can be
p
found by simple geometry: l = w2 + (πdNturns )2 and turns out to be l ≈ 4.8cm
for a typical coil (d is the diameter of the coil).
To compare this with the number of layers deposited onto the tip (measured
by field evaporation) it can be converted to a number of possible layers on the tip,
LP ossible . By using that the surface density on solids is of the order of σ ≈ 1015
Atoms/cm2 one can find:
LP ossible ≈

1 σ λT i l
Av ≈ 4600
2 πwD mT i

(B.3)

With Av the Avogadro number.
Following from this crude estimation the loop can in principle be used to deposit
4600 Layers before it is completely depleted. Note that in practice it is unlikely that
all of the titanium can be removed from the coil.
Comparing the calculated with the measured value one finds a good fit. This is
especially true when one notes that in the experiment not all the titanium is accessed
(the coil is replaced when the deposition rate is low but not zero) and that due to
the frequent coil outgassing required to deposit clean fims, not all of the titanium
evaporated from the coil is deposited onto the tip, see Section 3.2.1.
The numbers also show that the deposition rate changes rather quickly. Thus,
to keep the experiments relatively consistent and hence predictable not many depositions can be done without recalibration and it is preferable to deposit only small
amounts of titanium with each experiment.
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B.2

Evaporation of titanium films with a single
pulse

This Section describes how the results of Section 6.2.3 are attained and how titanium
films can be desorbed within a few nanoseconds repeatably. First several deposited
films were imaged until a stable deposition rate was achieved and the voltage range
required to evaporate the complete film was known. After these measurements it was
possible to reliably remove identically deposited films with a single voltage pulse.
The necessary dc voltage (see Appendix C.1) is set well below the evaporation
voltage of the first titanium layers. Special care was taken when trying to maximize
the deuterium ion count. Experiments have been performed at typical dc holding
voltages and these indicate that significant quantities of deuterium do not evaporate before the titanium and are not removed from the titanium film by diffusion
mechanisms, see Figure B.2 in the following discussion B.3.1.
The voltage pulse was set, such that the total applied voltage is larger than
what has been needed to evaporate the last titanium layer while imaging. This is
necessary, because the evaporation process is rate limited and nanosecond pulses do
not remove as much material as a dc voltage of the same magnitude. However the
slightly unknown pulse shape and height made it often difficult to find the correct
pulse voltage. Too large a pulse results in the removal of the tungsten substrate
material. This is no problem for the analysis of the system, but complicates the
experimentation, since the tip radius can change necessitating sooner replacement of
the tip. Too small a pulse does not remove all of the titanium and can thus negate
calibrations and result in inconsistent results when, for example, analyzing chemical
compositions. Corrections can be made by pulsing several times after the main pulse.
These pulses are done at higher detector gain and when in doubt often slightly higher
total voltages. If these subsequent pulses do not yield any more titanium and/or show
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some tungsten the first pulse removed all the available titanium.

B.3

Experimentally eliminated mechanisms for low
deuterium to Ti ratios

Besides the dissociation of titanium deuterium compounds being limited by space
charge effects, several other possible mechanisms leading to lower than expected D
to Ti ratios were considered and ruled out experimentally or by simple calculation.
Two of these mechanisms are discussed here.

B.3.1

Dc holding voltage

One might postulate that the dc holding voltage draws out deuterium embedded in
the titanium. This could happen if the deuterium gets desorbed at lower fields than
the titanium and the dc voltage is set between these fields. Experiments, like the
one presented in Figure B.2 show that this is not the case. One can see that the
dc voltage does not change the deuterium signal detected during evaporation of the
film. In addition, it can be seen that even at 500 V higher settings the dc voltage
does not remove significant amounts of titanium. So in this case the change of dc
voltage did not impact the deuterium signal detected.

B.3.2

Tip heating during the deposition of titanium

If the tip is heated sufficiently by radiation from the deposition coil while titanium is
deposited it is possible that deuterium is thermally desorbed from the film. Simple
calculations and experiments rule this out.
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Figure B.2: The evaporation of two identical ∼ 40 layer thick titanium films at room
temperature. The dashed line data was accumulated by exposing the film to a dc voltage
that was 500 V greater than that used for the data shown with the solid line.

When depositing titanium the titanium coil is heated by Joule heating until
the desired amount of titanium is evaporated. A fraction of the radiation and the
material emitted by the titanium coil strikes the tip and raises its temperature. To
determine the impact of such a tip heating mechanism we first derive an upper limit
for the temperature increase of the tip.
The maximum available power, which could heat up the tip, is given by the current and the voltage at the coil, Pmax = IV . Both quantities can be measured and
it has been found that Pmax ≈ 2.7A × 7.4V ≈ 20W . The further the tip is away
from the source the less power it receives. For simplicity a cylindrical symmetry is assumed. This approximation is crude but provides an upper bound on the total power
reaching the tip. The power density at the tip is then given by:

P
A

≈

VI
2πdw

≈ 3.2 × 104

W/m2 . This is calculated for a tip to coil distance of d = 1 cm and a coil width of
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w = 1 cm. The incoming energy is conducted away from the tip apex along the tip
shank of length l. Again a simplified calculation is done to estimate the temperature
increase at the apex. The tip is assumed to be a cylinder and calculations are done
assuming that equilibrium is achieved. Both simplifications result in a higher temperature than what is actually expected at the tip. At equilibrium the law of heat
conduction can be used to determine the temperature difference at the two ends of
the tip: ∆T =

P l
.
Aκ

The thermal conductivity κ varies with temperature. Since the

tip starts out at liquid nitrogen temperature, the thermal conductivity at 80 K is
used, κ(80K) = 229 W/(m K). This gives the maximum temperature change as a
function of the tip length: ∆T /l ≈ 140 K/m. The tip is not directly mounted to
the liquid nitrogen bath. That is why it is difficult to estimate a proper length, l.
Assuming reasonable thermal contact at the spotwelds between the different leads
it should be shorter than a total of 5 cm. Hence one finds a maximum temperature
change of the tip apex of:
∆Tmax ≈ 7K

(B.4)

It is known that temperatures greater than 500 K are needed to initiate the thermal
desorption of hydrogen from titanium films.[6] Thus we see that the calculated maximum temperature change is insignificant with respect to desorption temperatures
and should therefore have no impact on the deuterium content of the tip.
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C.1

Pulse reflection

When working with single tips and arrays one has to account for the fact that due
to inevitable impedance mismatches there is generally a reflected pulse, having the
opposite polarity to the applied pulse, that appears at the tip. When applying
positive pulses, it is possible that a negative pulse having a magnitude sufficient to
initiate field electron emission from the tip may reach the tip. If this occurs, then
in the best case the electron emission can be ignored but often the electron signal
can saturate the detector system. In the worst case electron emission can heat and
destroy the tip.
A very effective means of suppressing electron emission is by, as is commonly
done in atom probe studies in any case, applying a positive dc holding-voltage. This
offsets the pulse, such that the total negative voltage that appears at the tip is below
the voltage required for electron emission.
The required dc holding-voltages are similar for all the experiments. Figure C.1
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shows the voltage required to minimize the electron signal on a single tungsten tip.
Experimentally it is difficult to find the voltage which exactly results in zero electrons
reaching the detector, which is why a very low threshold is used instead. The Figure
also shows the use of a magnet, which is described later.
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Figure C.1: The dc holding-voltage as a function of the pulsing voltage, which is required
to stop electron emission. Applying magnetic fields in the otherwise field free drift region
lowers the required dc voltage. This experiment has been done with a single tungsten tip,
helium imaged at 6000 V at room temperature.

This data shows how much dc voltage should be used at least when pulsing a tip
of similar size. A more general information, from which one can find the optimal
pulsing conditions for any tip (or array) is the actual size of the reflected pulse Vneg
or the ratio Vneg /Vp . This is easily calculated by using this data and the measured
electron emission onset of Vel = −500 V.

Vneg /Vp = −

Vel − VDC
≈ 0.8
Vp

(C.1)

This is larger than what may be expected. However, this ratio has been found to
change when rearranging the pulse setup.
In some cases it is not possible or not desirable to apply such high dc voltages,
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particularly when using arrays. Besides the fact that the quantity of contaminants
striking the tips is increased, with arrays a voltage breakdown with dc voltage is
capable of depositing much more energy in, and thereby doing much more damage
to, an array than if a breakdown occurs during a short (20 ns) desorption pulse.
In the case of arrays therefore it is sometimes preferred to suppress the number of
electrons reaching the detector by deflecting the electrons in a magnetic field.
The magnetic field used to suppress the electron signal from arrays was measured
to be B ≈ 25 Gauss. The ions are not noticeably deflected by these fields. This can
be shown by, for example, moving the magnet when ion imaging a single tip. The
image is very slightly distorted, but approximately the same number of ions hit the
screen with the magnet present as without. When doing the same experiment while
viewing the electron emission pattern, the screen turns completely black, because all
electrons are deflected from the detector. Figure C.1 shows the dc voltage required
to stop electron detection in the presence of this magnet. It can be seen that the
voltage is significantly lowered when the magnet is present. One can also calculate
q
V
the cyclotron radius rcyc = mq 2B
of the ions and the electrons. For a reasonable
voltage (2000 V) the radius of an electron rcyc,el ≈ 2 mm and the radius of a proton
rcyc,pr ≈ 80 mm. Since the charged particles are not traveling through a uniform
magnetic field these numbers do not represent an exact path, but one can see that
they confirm the experimental trends.
Often, when working with the arrays, there was no choice but to use magnetic
deflection. This can be dangerous however, as one can not only encounter high
electron currents from the tips and hence destroy them, but one can also suppress
the detection of other problems e.g. at the gate, which typically emits electrons when
breakdowns occur.
Attempts have been made to deflect the electrons by applying a negative voltage
to the detector. For most applications this complicated TOF data analysis because
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there is no longer a field free drift region for the ions and mass to charge estimates
became too complicated.

C.2

Pulse-shape

For the analysis of the TOF spectra it is desirable to know the exact pulse shape as
it reaches the tip/array. This is not an easy task when using short voltage pulses
that are not well impedance matched to the tip. Measuring the voltage before it
reaches the vacuum system shows the pulse shape at that point but not at the tip
inside the vacuum system after it has encountered impedance mismatches.
Electron emission provides a unique way of measuring the pulse reaching the
tip [50]. Here, the electron emission signal from a tip is measured and the applied
voltage is calculated from the electron current. The advantage of the approach is that
it measures the voltage directly at the apex of the tip. However, this technique also
poses problems. On the one hand the emission current is dependent on the physical
state for the surface and small changes, like the movement of a single atom can
change the emission current for a constant voltage. On the other hand one needs to
rely on knowledge gathered previously to this experiment, as explained later. Lastly,
it can only yield information about the voltage pulse over the range of voltages at
which electrons are emitted and not at lower voltages.
To find the actual voltage at the tip one can use the Fowler-Nordheim equation,
which connects the electric fields (or in our case the applied voltage) on a metal
surface to the emitted electron current. This is a complicated equation depending
on many parameters relating to the tip material. A simple form of the equation
is presented in C.2, which only has 2 parameters related to the actual physical
properties.
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I = AV 2 e−B/V .

(C.2)

Applying large negative voltage pulses to a metal tip and measuring the resulting
electron current one of the constants can be found with the help of a so called FowlerNordheim plot, as can be seen in Figure C.2. This measurement can only provide one
constant. The other one is usually found by assuming that the maximum total voltage
is known. For this, one has to rely unfortunately again on the voltage measured with
a probe.
−11.4
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Figure C.2: Fowler-Nordheim plot for a single metal tip. A tip is pulsed many times with
different voltages and the maximum electron current is recorded (shown as circle). The
dashed line is the fit to the data. The voltage is used in Volts and the current in Amps.
From the fit the two constants can be calculated: A = 3.8773 × 10−4 , B = 1.9647 × 103

The constants depend on the tip material, tip shape and also the detector settings. They are not universal and need to be determined each time. With these
constants and the recorded electron emission signal it is straight forward to reconstruct the voltage pulse reaching the tip, which is shown in Figure C.3. There are
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a few interesting features visible in Figure C.3. First the reconstruction is not complete because below ∼ 300 V no detectable electron emission occurred (with this
tip). Increasing the voltage significantly above electron emission onset helps with
the reconstruction, but eventually the electron current is large enough at its peak to
damage the tip. One can also see that the pulse shape is similar to the pulse picked
up just outside the vacuum system. In both cases there is an initial spike which
provides for more accurate TOF experiments by defining a clear point at which desorption/evaporation occurs. Lastly one sees that the rise-time of the pulse is of the
order of a few nanoseconds, again an important parameter for TOF measurements.

Voltage pulse (V)

600
Pulse, measured with electron emission
Pulse, measured before tip

500
400
300
200
100
0
0
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10

15

20

25

Pulse length (ns)
Figure C.3: A typical voltage pulse used for TOF experiments. The solid line shows the
pulse picked up with a voltage divider, before it reaches the tip. While this is not the exact
pulse at the tip, it is usually a good representation of the pulse at the tip. The dashed line
shows a reconstruction of the actual voltage pulse at the tip using the electron emission
signal.

For these experiments the signal must be readout from the CEMA not the PMT
as the decay time of the phosphor is excessive. In this case pickup noise from the pulse
can interfere with the signal. To remove the pickup noise, two identical experiments
were conducted, with the exception that one used the magnet to deflect the electron
emission signal from the detector. This signal could then be subtracted from the
electron signal to remove the pickup noise.
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C.3

Electronics delay times

For exact TOF mass analysis one needs to know the time delay between when the
ions strike the detector and when the signal arrives at the oscilloscope.
In our experiments electron emission signals, due to their very small flight time
relative to the lightest ions (H + ) were used to measure this delay time. However,
this travel time cannot be neglected and is between 1 ns and 5 ns for typical voltages
used in our studies.
The delay measurement is straight forward and it was found that the electrons
arrive at the detector 30 ns before the signal appears at the oscilloscope. A large
part of the delay is due to the transit time of the PMT which in turn depends on
the voltage applied to the PMT.

C.4

Pulse Pickoff considerations

For voltage pulses having a magnitude of ≤ 6 kV a Tektronix CT-3 signal pickoff
was used to view the voltage pulse. For voltages exceeding ∼ 6 kV an impedance
matched high voltage divider was used. Figure C.4 shows the circuits used.
The actual voltage that reaches the scope can easily be calculated. The two
attenuators (20 dB, 8 dB) attenuate with a factor of Att = 10 × 2.5 = 25. Since
there is no current going to the tip or the scope two simple equations give the voltage
between attenuator and ground: Vpulse = IR1 + IR2 and Vscope = IR2 /Att. So the
equation for the scope voltage is (R1 = 50 Ω, R2 = 2 Ω):
Vscope = Vpulse /Att × R2 /(R1 + R2 ) = Vpulse /650.
This circuit was checked against the CT-3 pickoff circuit, in the voltage operating
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Figure C.4: The two circuits used for viewing the high voltage pulse for all data collection.

range of the CT-3. This can be seen in Figure C.5. It shows that while our circuit
works well it gives constantly a slightly lower reading by 240 V (∼ 10 %) than the
CT-3 pickoff.
The pulse shape was also analyzed and very similar results were found for the use
of the different circuits, as can be seen in figure C.6. Additionally one can see that
the connection of the electrical feed through (the connection to the vacuum system)
makes a difference for the pulse shape. When connected to the vacuum system likely
the shape changes even more.
A high voltage oscilloscope probe P6015, was used to investigate the pulse shapes
although its band width is limited to ∼ 300 MHz. Thus the leading edge is likely
higher than in reality and even the average (without the very first peak) is about 30
% higher than what it should read. This problem should get worse if pulses bigger
than 4 kV are used.
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Figure C.5: The performance of the CT-3 pickoff circuit compared to a homemade high
voltage circuit. The maximum of the read pulses as a function of applied voltage is compared.
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Figure C.6: The performance of the CT-3 pickoff circuit is compared to a homemade high
voltage circuit by comparing the shape of the pulses. One can see that the use of the
electrical feedthrough makes a difference (EFT).
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This Chapter describes the different methods, used to heat e.g. the emitter tips and
titanium deposition coil, and the methods used to determine their temperatures.

D.1

Temperature measurements with an optical
pyrometer

An optical pyrometer (Pyro Micro-Optical Pyrometer) was used to measure the temperature of the titanium deposition coil, emitter tips and arrays. When using an optical pyrometer the measured temperature Tm is not equal to the actual temperature,
Ta . This Section describes how the actual temperature is calculated.
There are two main reasons for the difference between the measured and actual
temperatures.

1. The measured material is inside a vacuum chamber and is observed through a
1/8 in. Pyrex glass window. The window changes the observed light so that
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the temperature appears Tg = 75 ± 25 ◦ C cooler than it actually is.[59]

2. The observed material is not a perfect black body and hence the radiation
spectrum depends on the material. This can be accounted for with the use of
the spectral emissivity, Eλ and using following formula

1
− T1m
Tc

=

λ log Eλ
1.438(cm∗degrees)

one finds the corrected temperature Tc [59].

Combining both corrections the actual temperature can be found as:

Ta =

1
λ log Eλ
1.438(cm∗degrees)

+

1
Tm

+ Tg

(D.1)

The spectral emissivity depends on the temperature and the wavelength. Following
a few relevant emissivities are given:
Material
Mo
Mo
W
W
Ta
Ta
Ti

Wavelength (µm)
0.66
0.467
0.650
0.650
0.66
0.66
0.65

Temperature (◦ C)
1000-1800
1700
900
1700
1100
1800
1550

Eλ
0.382
0.380
0.444
0.436
0.442
0.416
0.63

Table D.1: The spectral emissivities for relevant materials as given in [59].

In the literature slightly different values for Eλ are given depending on λ and T
and even on who did the experiment. For our purpose it is probably safe to use a
single value, I chose an average: Eλ ≈ 0.365 (for λ = 0.66µm).
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D.2

Temperature measurements with elemental resistance thermometry

The method described here was used to measure the temperature of the tip while
annealing titanium films.
In order to measure the temperature of the tip during the annealing of titanium
films, thin potential leads were attached on the tungsten support loop close to and
on either side of the tip see Figure A.1. By measuring the voltage change between
these leads while a current is passed through the support wire the temperature of the
wire can be calculated because its electrical resistance depends on its temperature.
This approach is referred to as elemental resistance thermometry.
Naturally the temperature is not constant across the entire wire, because it is
attached to heavy leads on its ends, which act as a heat sink. This is the reason why
the leads are attached very close to the tip. This way the temperature close to the tip
is measured. Very thin wires (∅2/1000”) are used for the potential leads to minimize
their thermal conductivity. In practice some minimum distance between the leads is
required for reliable resistance measurements, otherwise the voltages are too small.
Figure A.1 shows typical distances used for the leads. Voltages were measured with
a Keithley 602 electrometer.
This method only measures the temperature of the support wire, but since it is
mostly employed for measuring relatively low temperatures (annealing to ≤ 900 K),
where radiation losses can be neglected, it represents the tip temperature fairly well.
While in theory one could calculate the electrical resistance of the assembly in
practice it is much easier to calibrate the room temperature resistance with each
new tip. Once the room temperature resistance is found one can either use the
Grüneisen-Bloch equation or temperature tables to find the resistivity at any tem-
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perature. It turned out that the Grüneisen-Bloch equation is not very accurate and
the Temperature-resistivity tables from [65] and [24] were used.
The room temperature resistance is found by passing small currents (so as not
to heat the wire) through the support wire and measuring the voltage across the
potential leads. Measurements were always performed with several different currents,
to ensure accurate data and that the wire was not heated by the current. An example
of such a room temperature calibration can be seen in figure D.1. At 160 mA a small
dip in the resistance is found. At this point the electrometer was switched to a
different scale. One can see that this can have a small influence on the measurement
(especially at these low voltages). Usually measurements were performed over at
least two different ranges (as here) to ensure proper behavior of the instruments.
5
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Figure D.1: Room temperature resistance calibration of tip support wire between the
potential leads. One can see a linear relationship, showing that the current does not
heat the wire. An average of the measurements gives the room temperature resistance:
R(290) = 20.14 mΩ.

Once the room temperature resistance was established a simple conversion and
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the use of a temperature vs. resistivity table gives the resistance at any temperature.
The application of this knowledge however, turned out to be a little tricky. From
the resistance one can find the current (Iequ ) and voltage (Vequ ) to reach the desired
temperatures at equilibrium. Due to the strong dependence of the resistance on the
temperature it was found to be impractical to impossible to reach these equilibrium
conditions. Firstly one needed to apply significantly higher currents than Iequ to even
get the temperature to rise at all and then during the temperature rise it needed to
be adjusted constantly while watching the voltage and calculating the resistance.
Additionally, equilibrium was almost never reached, even after waiting for hours,
probably due to the heating up of the surrounding and attached wires. The control
necessary for this type of experiment can only be achieved with an active feedback
circuit, which was not available. That is why a different approach was used. A
relatively high current was applied and the voltage was read. The voltage rise started
slowly and increased as the temperature of the loop increased. When the voltage
associated with the desired temperature, was reached the current was turned off.
The current, typically ∼ 2 A was chosen such that this happened in 1 to 2
minutes, starting at liquid nitrogen temperature.
Annealing was performed at temperatures below which an optical pyrometer
could be used. However, this method was tested against the measurements with
an optical pyrometer at higher temperatures and showed good agreement.
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If further investigations of the data presented in this theses is attempted following
information might be useful:

• Fig 4.2: Data is from 2006/11/03 (Mo, file 30) and 2007/05/23 (W, file 36)
• Fig 4.3: Data is from 2006/11/03, 4.5 × 10−10 Torr
• Fig 4.4: Data is from 2007/05/23
• Fig 4.5: Data is from 2008/05/05, Pulsed both spectra with 2000 V dc and
2000 V pulse, The tip was field evaporated to 6000 V in helium.
• Fig 4.6: Data is from 2008/05/08, The tip was field evaporated to 6340 V in
helium. Titanium was only outgassed below the tip for a short time.
• Fig 4.7: Data is from 2006/11/30
• Fig 4.8: Data is from 2007/04/02, The molybdenum tip was field evaporated
to 1687 V in helium. Pulsed spectra with 1400 V dc and 1000 V pulse,
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• Fig 4.9: Data is from 2007/05/03, The tungsten tip was field evaporated to
2650 V in helium.
• Fig 4.10: Data is from 2007/10/19, The tungsten tip was field evaporated to
3300 V in helium. Vp = 1000V, Vdc = 1700V, Phosphor = 4.00, PMT =
1.60kV,
• Fig 4.11: Data is from 2007/05/02, The tungsten tip was field evaporated to
2630 V in helium. Vp = 1000V, Vdc = 1233V, Phosphor = 4.00, PMT =
1.60kV, CEMA = 1.10kV
• Fig 4.12: Data is from 2006/11/08
• Fig 4.13: Data is from 2008/11/06
• Fig 4.14: Data is from 2006/10/03
• Fig 4.15: Data is from 2006/11/10
• Fig 4.16: Data is from 2007/05/23
• Fig 4.17: Data is from 2006/10/06
• Fig 5.3: Data is from 2007/01/25
• Fig 5.4: Data is from 2007/03/29
• Fig 5.5: Data is from 2006/12/04
• Fig 5.6: Data is from 2007/01/04
• Fig 5.7: Data is from 2007/01/10
• Fig 5.8: Data is from 2007/01/26
• Fig 5.9: Data is from 2008/09/12
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• Fig B.1: Data of most of the titanium experiments is in table: TiTipdata.xls,
from which this plot was generated, ignoring some changes like for example the
deposition current.
• Fig 6.3: Data is from 2008/01/24, 2008/03/14 and 2007/09/04
• Fig 6.1: Data is from 2009/03/16
• Fig 6.2: Data is from 2008/12/11
• Fig 6.4: Tungsten tip has been evaporated to 4700V, PMT = 1.3kV, CEMA
= 1.40kV, Deposit Ti for 1 minute with 2.7A in UHV (pressure rose to 5.8E7Torr) (2009/05/11 File 19)
• Fig 6.5: use 1000Vp on top of changing DC. (2007/06/26 and 2007/06/27)
• Fig 6.6: Data is from 2009/03/20, The tungsten tip was field evaporated to 6000
V in helium. Titanium was deposited for 30 seconds with 2.7 A in 5 × 10−3
Torr, Anneal tip to 900K with 2.8A (190mV) in 2:05min, Pulse with Vc=
2300V, Vdc = 2100V, CEMA = 0.90kV, PMT = 1.00kV, Clean deposition
was performed on 2009/03/17, Tungsten tip has been evaporated to 5900V,
Deposit Ti for 30 seconds with 2.7A to 3.5E-8Torr, without ever introducing
deuterium after backout.
• Fig 6.7: Tungsten tip has been evaporated to 6000V (5900V), Pulse with Vc=
2300V, Vdc = 1500V, CEMA = 0.90kV, PMT = 1.00kV,(Pulse with Vc=
2300V, Vdc = 2100V, CEMA = 0.90kV, PMT = 1.00kV)
• Fig 6.8: Tungsten tip has been evaporated to 6150V, Pulse with Vp= 2300V,
Vdc = 2100V, CEMA = 0.90kV, PMT = 1.00kV, Deposit Titanium with 2.7A
in low E-3Torr D2 (2009/03/17 and 2009/03/20)
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• Fig 6.9: Tungsten tip has been evaporated to 5230V, Pulse: 1500Vdc, 2300Vp,
CEMA = 0.85kV, PMT = 1.10kV, Deposit Titanium with 2.7A in low E-3Torr
D2 (2009/01/13)
• Fig 6.10: Thin film removal has been done on: Tungsten tip has been evaporated to 5400V, Deposit Ti for 30 sec with 2.7A in 1.2E-7Torr, Pulse with
Vdc = 2400V, CEMA = 1.2kV, PMT = 1.0kV, Scope 200ns, at 1E-9Torr
(2009/06/09); the complete removal has been done with: Tungsten tip has been
evaporated to 5000V, Deposit for 30 seconds in E-3Torr D2, Anneal with 850K
with 2.6A to 150mV (in 2.4E-8Torr), Pulse with 1100Vdc, 2200Vp, CEMA =
1.00kV, PMT = 1.10kV, Phosphor = 4.00kV Pressure 2E-8Torr (2008/12/23)
• Fig 6.11: Tungsten tip has been evaporated to 6150V, Deposit Ti for 40 seconds
with 2.7A in 3E-3Torr D2.Pressure during pulsing: 1.3E-8Torr, Pulse with:
CEMA = 0.90, PMT = 1.00kV (2009/04/08)
• Fig B.2: Tungsten tip has been evaporated to 5200V, Pulse: 1000Vdc, 2300Vp,
CEMA = 0.90kV, PMT = 1.00kV, Deposit Titanium with 2.7A in low E-3Torr
D2 (2009/01/12)
• Fig 6.12: Tungsten tip has been evaporated to 6200V, just turned the Bertan
power supply on for the ramp, Deposit Titanium with 2.7A for 1 minute
(2008/03/29)
• Fig 6.13: Tungsten tip has been evaporated to 6300V, just turned the Bertan
power supply on for the ramp (2008/03/31)
• Fig 6.14: Data is from 2008/08/01 and 2008/07/31, Tungsten tip has been
evaporated to 7150V.
• Fig 6.15: Data is from 2008/04/03,
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• Fig 6.16 Tungsten tip has been evaporated to 6000V, Deposit Ti for 2 minutes
with 2.7A (in UHV and in D) (2008/04/04)
• Fig 6.20: Figure appears different from the data presented in their paper, but
this is only because in the paper the peak width is important (consulted with
Takahashi) and here the peak heights represent the total amounts.
• Fig 6.22: Array Nr 1390B, CEMA = 1.20kV, PMT = 1.30kV, phosphor =
4.00kV; 680Vc, 140Vdc, (For Ti: 620Vc, 140Vdc), Deposit for 20 seconds with
2.7A in E-3Torr Deuterium atmosphere; (2008/06/11, File 8 and 13)
• Fig 8.1: Data is from 2008/01/03
• Fig 8.2: Data is from 2008/01/04
• Fig 8.3: Data is from 2007/10/31
• Fig 8.6: Data is from 2008/02/05
• Fig 8.12: Data is from 2009/06/09
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